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Abstract
We present the room temperature far-infrared reflectivity and Raman scattering spectra of NaV2O5 single crystals. The
frequencies of infrared active modes are obtained by an oscillator fitting procedure of reflectivity data. The assignment of the
vibrational modes is given according to a lattice dynamical calculation based on the valence shell model. Besides phonon
modes we observed broad features centered at about 280, 550 and 3500 cm ⫺1 in infrared spectra for E k a polarization and at
about 640 cm ⫺1 in Raman spectra for (aa) polarization. These structures are explained as crystal-field-splitting-induced d–d
electronic transitions of V 4⫹ ions. 䉷 1999 Elsevier Science Ltd. All rights reserved.
Keywords: D. Phonons; E. Inelastic light scattering; E. Light absorption and reflection

It was shown recently [1] that sodium vanadium
oxide is the second example of an inorganic spinPeierls compound following CuGeO3 [2]. The spinPeierls transition results in spin dimerization due to
coupling of the lattice phonons and spins [3]. Thus,
the knowledge of phonon properties of crystals exhibiting the spin-Peierls instability, is necessary for a
complete understanding of this effect.
The first determination of the NaV2O5 crystal structure [4] showed that this oxide has an orthorhombic
unit cell with parameters a  1.1318 nm, b 
0.3611 nm, c  0.4797 nm, Z  2 and the space
7
). Such a crystalline structure
group P21mn (D2v
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assumes two kinds of vanadium chains along the baxis. One is magnetic V 4⫹ (S  1/2) and the other one
is a nonmagnetic V 5⫹ (S  0) chain. Each vanadium
atom is surrounded by five oxygen atoms, forming
VO5 pyramids. These pyramids are mutually
connected via common edges to form a layers in
ab-plane. The Na atoms are situated between these
layers as intercalants. Most recently, the crystal structure of this oxide was reinvestigated [5]. It was shown
that NaV2O5 crystallizes in centrosymmetric space
13
) with nearly the same unit cell
group Pmmn (D2h
parameters as previously stated [4], but with only
one crystallographic vanadium position in mixed
valence state (formal oxidation state is ⫹4.5). A
schematic representation of this crystal structure in
(010)-plane is given in Fig. 1.
The previous polarized infrared transmission [6,7]
and Raman scattering spectra [7,8] of NaV2O5 above
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Fig. 1. Schematic representation of the NaV2O5 crystal structure in
the (010) plane.

and below the spin-Peierls transition temperature
reveal a crystallographic distortion at the transition
temperature. No assignment of the observed modes
was given. In our earlier paper [9] the polarized
Raman and infrared spectra from the (001) plane are
measured and the valence shell model lattice dynamical calculation was conducted taking into account the
P21mn space group symmetry of crystal structure of
NaV2O5. It was shown that the space group of the
NaV2O5 crystal structure cannot be P21mn (noncentrosymmetric), but the space group which includes
the mutual exclusion between Raman and infrared
activity (centrosymmetric space group Pmmn).
Most recently [10,11], the temperature dependent
optical conductivity of NaV2O5 was investigated. It
was concluded that two-magnon optical absorption
process takes place.
In this work we present polarized far-infrared (FIR)
reflectivity as well as Raman scattering spectra of the
single crystal NaV2O5 at room temperature for all principal polarizations. The 8Ag, 5B2g, 3B3g, 7B3u, 4B2u and
5B1u symmetry modes are experimentally observed.
The assignment of vibrational modes is given according to the lattice dynamical calculation based on
valence shell model for Pmmn space group symmetry.
The present work was performed on single crystals,
grown from the melt, using the self-flux method [12].
The crystals were plates with dimensions typically
about 1 × 4 × 1 mm 3 in the a; b and c axes, respectively. The infrared measurements were carried out
with a BOMEM DA-8 FIR spectrometer. A DTGS
pyroelectric detector was used to cover the wave
number region from 100 to 700 cm ⫺1; a liquid

nitrogen cooled HgcdTe detector was used from 500
to 6000 cm ⫺1. Spectra were collected with 2 cm ⫺1 resolution, with 500 interferometer scans added for each
spectrum. The Raman spectra were measured in the
backscattering configuration using micro-Raman
system with Jobin Yvon 64000 triple monochromator
including liquid nitrogen cooled CCD-detector. An Arion laser was used as an excitation source.
The NaV2O5 unit cell consists of two formula units
comprising 16 atoms in all. The site symmetries of
Na, V, and O ions in Pmmn space group [5] are:
C2v(Na, O3) and Cs(V, O1, and O2). The Factorgroup-analysis (FGA) yields [9,13]:
G  2 Ag ⫹ Au ⫹ B1g ⫹ 2
V, O1, O2 (Cs):
B1u ⫹ 2 B2g ⫹ B2u ⫹ B3g ⫹ 2 B3u
Na, O3 (C2v):
G  Ag ⫹ B1u ⫹ B2g ⫹ B2u ⫹
B3g ⫹ B3u
Summarizing these representation and subtracting
acoustic (B1u ⫹ B2u ⫹ B3u) and silent (3Au) modes, we
obtained the irreducible representations of NaV2O5
vibrational modes of Pmmn space group:
G  8Ag aa; bb; cc ⫹ 3B1g ab ⫹ 8B2g ac
⫹ 5B3g bc ⫹ 7B1u E k c ⫹ 4B2u E k b
⫹ 7B3u E k a
Thus, 24 Raman and 18 infrared active modes are to
be expected in the NaV2O5 spectra.
The room temperature far-infrared reflectivity spectra of NaV2O5 for all principal polarizations are given in
Fig. 2. The open circles are the experimental data and the
solid lines represent the spectra computed using a fourparameter model for the dielectric constant [14]. The
best fit parameters are given in Table 1. The agreement
between observed and calculated reflectivity spectra is
rather good for E k b and E k c polarizations. For the E k
b polarization, four oscillators with TO frequencies at
about 178, 230, 370 and 582 cm ⫺1 are clearly seen. In
the high frequency region the measured reflectivity
shows a small dip (relative to the calculated curve)
near 620 cm ⫺1. We believe that this dip arises from an
E k a LO mode as a consequence of the deviation of
normal incidence. As a support for this interpretation we
found well defined 620 cm ⫺1 reflectivity edge in our
non-polarized reflectivity spectra from the (001) plane.
In the E k c polarization (Fig. 2(c)) four oscillators
at 164, 181, 460 and 955 cm ⫺1 are clearly seen. The
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Table 1
Oscillator fit parameters in cm ⫺1
Polarization

vTO

gTO

vLO

gLO

1∞

Eka

138
144.5
254
(290)
438
469
505
939.8
(3400)

5.8
4.5
9
(80)
30
22
25
7.5
(1700)

138.2
144.7
256
(232)
439
473
624
940
(5500)

5.8
5
10
(50)
21
27
45
8.5
(6000)

4.3

178
230.5
370
582

15
5
12
12

183
231
378
762

9
4.5
10
15

164
181
368
460
955

5
6
25
35
4

166
212
370
480
1014

4
10
30
35
3

Ekb

Ekc

Fig. 2. Room temperature polarized far-infrared reflectivity spectra
of NaV2O5 single crystal for the E k a (a), E k b (b) and E k c (c)
polarizations. The experimental values are given by open circles.
The solid lines represent the calculated spectra obtained by a fitting
procedure described in text. The inset of (a): The E k a polarized
reflectivity spectra in the wide spectral range up to 6000 cm ⫺1. The
inset of (b): Non-polarized reflectivity spectra in the 120–220 cm ⫺1
spectral range.

oscillator at 368 cm ⫺1 is probably a leakage of the
370 cm ⫺1 phonon from the E k b polarization. The
disagreement between calculated and experimental
data at around 500 cm ⫺1 comes from a beam-splitter
change.
In the E k a polarization disagreement between
calculated and measured spectra arises due to
presence of the continuum features centered at about
280 and 550 cm ⫺1. One broad structure centered at
3500 cm ⫺1 is also observed in this polarization, right
inset in Fig. 2(a). While the 280 cm ⫺1 continuum is
clearly seen, the presence of the 550 cm ⫺1 continuum
is manifested through quite uncharacteristic oscillator
shape of dominant structure between 500 and
620 cm ⫺1. Similar continuum is observed in room
temperature Raman spectra and we will discuss it
latter on. Besides these continua (denoted by
‘‘shadow regions’’ in Fig. 2(a)) seven oscillators
with TO energies at 138, 144.5, 254, 438, 469, 505

4.5

3.5

and 939.8 cm ⫺1 are observed. Due to the low signal
intensity from small samples for polarized light, the
energies of the lowest frequency modes are obtained
by a fitting procedure of non-polarized reflectivity
spectrum. The presence of the lowest frequency
modes merely disrupts the interference fringes in the
spectral range depicted in the right inset of Fig. 2(b).
The room temperature Raman spectra of NaV2O5,
for parallel and crossed polarizations, are given in Fig.
3. The spectra for parallel polarizations consist of Ag
symmetry modes. Seven modes at 90, 179, 305, 420,
448, 534 and 969 cm ⫺1 are clearly seen for the (aa)
polarization and one additional mode at 233 cm ⫺1 for
the (bb) polarization. The mode at 423 cm ⫺1 is highest
intensity mode for (bb) polarization. Its counterpart
appears in (aa) polarization at 420 cm ⫺1. The
frequency shift of this mode in (aa) polarization is
due to interaction of 448 cm ⫺1 mode with electronic
background peaked at 640 cm ⫺1. For the crossed (ab)
polarization three Raman active B1g symmetry modes
at 175, 294 and 683 cm ⫺1 are observed. In the case of
the (ac) polarization, five B2g symmetry modes at 149,
192, 226, 550 and 954 cm ⫺1 were observed. Because of
low-quality of the (010) surface, this spectrum contains
also the modes from other polarizations. Finally, the B3g
symmetry modes at 260, 366 and 684 cm ⫺1 were
observed for the (bc) polarization configuration.
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Table 2
Valence shell model parameters for NaV2O5.
VSM parameter

Fig. 3. Raman scattering spectra at room temperature for different
polarization configurations. Laser excitation line was 488 nm.

The frequencies of all observed IR and Raman
active modes, together with previously published
results, are collected in Table 3. Besides general
agreement between these data, there are some exceptions. Namely, four B1g modes are observed in Ref.
[8], one mode more than the FGA predicts. We
believe that the mode at 262 cm ⫺1 [8] is B3g symmetry
mode since we found the mode at 260 cm ⫺1 in our
spectra with the B3g symmetry configuration. The
frequencies of the other three B1g modes from Ref.
[8] agree well with our data for the same symmetry
configuration. From comparison between our data and
those from Ref. [7] we found that the resolution and
signal-to-noise ratio of our spectra are much better
than in [7]. Thus, only the strongest intensity modes
from [7] agree with our spectra. The other low intensity modes of Ag symmetry observed [7] at about 215,
254, 415, 435 cm ⫺1 are probable noise. In the case of
the crossed polarizations, the spectra from [7] show a
mixture of B and Ag symmetry modes. For (ab) polarization, the spectrum of Smirnov et al. [7], corresponds to our spectrum, while for (ac) polarization

Value

bond-stretching force constant
(mdyn/Å)

V ⫺ O1
V ⫺ O2,3

17.90
2.21

angle-bending force constant
(mdyn.Å/rad2 )

V ⫺ O2 ⫺ V
O1 ⫺ V ⫺ O2
O1 ⫺ V ⫺ O3
O2 ⫺ V ⫺ O2
O2 ⫺ V ⫺ O3
ⴱ
O2,3 ⫺ V ⫺ O2,3

0.98
-0.15
0.77
-1.89
1.02
0.84

ionic charge (j e j)

Na
V
O

0.11
1.84
-0.76

shell charge (j e j)

Na
V
O

3.31
2.55
-2.43

ionic polarizability (Å3 )

Na
V
O

0.75
1.78
1.95

only two modes at 190 and 224 are with B2g symmetry. All other modes for this symmetry configuration
at 89, 176, 308, 531 and 970 cm ⫺1 [7] are actually the
Ag modes. In the case of (bc) polarization three modes
at 260, 365 and 685 cm ⫺1 are with B3g symmetry,
while two other modes of this configuration at 89
and 970 cm ⫺1 represent a ‘‘leakage’’ from Ag symmetry configuration. In the case of infrared mode
frequencies there is a rather good agreement between
previously published and our data for almost all
modes except for the mode at about 500 cm ⫺1. We
have shown that this mode is a superposition of one
oscillator and continuum peaked at about 550 cm ⫺1.
Finally, there is a minor frequency difference for some
Raman modes between our previously published
paper [9] and the present one. These corrections
come from more precise calibration.
The calculation of the G-phonons of NaV2O5 was
carried out within a valence shell model (VSM).
Details on the valence shell model and the types of
model parameters are given in Ref. [15]. Apart from
the valence force fields of bond-stretching and
angle-bending types, a Born-type repulsion potential
was used for the sodium–oxygen interactions and a
weak Van der Waals attraction was accepted for the
oxygen–oxygen interactions. Born-type repulsion
parameters were: a  800 eV; b  3.52 Å ⫺1; and
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Table 3
Calculated frequencies of the G phonons in NaV2O5
Mode

Ag

B1g

B2g

B3g

Ref. [7]

Ref. [8]

Ref. [9]

Ref. [10]

Ref. [11]

This work

calc.

Remark

89
175
231
300
421
449
531
970

88
178
304
420
530
970

90
179
234
306
424
452
536
969

-

-

90
179
233
305
423
448
534
969

102
159
227
298
385
466
501
949

chain rotation
Na k c
O-V-O bending
O-V-O bending
O-V-O bending
V-O3-V bending
V-O2 stretching
V-O1 stretching

172
289
678

173
292
685

175
297
684

-

-

175
294
683

182
293
685

chain rotation
O-V-O bending
V-O2 stretching

190
224
308
-

-

-

-

-

149
192
226
550
954

143
170
223
277
383
497
535
966

Na k a
chain rotation
O-V-O bending
O-V-O bending
O-V-O bending
V-O2 stretching
V-O3 stretching
V-O1 stretching

260
365
685

262
-

-

-

-

260
366
684

128
232
274
373
680

chain rotation
Na k b
O-V-O bending
V-O3-V bending
V-O2 stretching

silent
silent
silent

138
204
569

chain transl. k b
O-V-O bending
V-O2 stretching

Au

B1u

B2u

B3u

-

-

-

-

-

164/166
181/212
(368/370)
460/480
955/1014

160/160
174/175
277/277
375/375
478/478
488/488
945/945

chain rotation
Na k c
O-V-O bending
O-V-O bending
V-O3-V bending
V-O2 stretching
V-O1 stretching

175
367
587

-

177
372
582

175
229
367
581

177
225
371
586

178/183
230.5/231
370/378
582/762

167/177
232/260
374/376
568/764

O-V-O bending ⫹ Na k b
Na k b
V-O3-V bending
V-O2 stretching

145
251
526
-

-

140
254
436
469
505
940

145
251
524
-

137
256
518
938

138/138.2
144.5/144.7
254/256
438/439
469/473
505/624
939.8/940

135/137
158/158
252/264
405/405
486/486
534/536
953/960

chain transl. k c
Na k a
O-V-O bending
O-V-O bending
V-O2 stretching
V-O3 stretching
V-O1 stretching

O–O interaction potential was taken from Ref. [16].
The initial values of the model parameters were taken
from a lattice-dynamical study of V2O5 for which
infrared and Raman data exist [17]. The final model

parameter values, given in Table 2, are obtained from
comparison between measured and calculated phonon
frequencies for NaV2O5.
The phonon frequencies for NaV2O5 calculated
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with the best fit model parameters are shown in
comparison to the observed lines in the Raman and
the infrared spectra in Table 3. There is an overall
good agreement with the experimental data with
largest deviations not exceeding 10%.
There are several modes associate with large
displacements of sodium atoms. For the modes of
Ag and B1u symmetry class, calculated to be at 159
and 174 cm ⫺1, the Na atoms move mainly along the caxis, while for the modes of B3g and B2u symmetry
(232 and 232/260 cm ⫺1) the Na atoms move along the
b-axis. Finally, there are two modes with B2g
(170 cm ⫺1) and B3u (158 cm ⫺1) symmetry for which
the displacements of Na atoms are predominantly
along the a-axis. The measured Raman and infrared
spectra allow assignation of the peak at 179 cm ⫺1
(181 cm ⫺1) to the mentioned Ag (B1u) modes.
According to the Table 3 the modes in the spectral
range between 200 and 500 cm ⫺1 are bond bending
vibrations, while the higher frequency modes originate
from stretching vibrations of V–O atoms. The shorter
V–O distance gives the higher mode frequency. Thus,
the highest frequency modes at 969 cm ⫺1 (Raman) and
940 cm ⫺1 (IR) represent V–O1 stretching vibrations, the
modes at about 600 cm ⫺1 originate from V–O2 stretching vibrations. Note that the Raman mode at 448 cm ⫺1,
which originates from V–O3 –V bending vibrations,
could be sensitive to Na deficiency since Na vacancy
produce the change of bending angle.
The full assignment of all optical modes is given in
Table 3 and we do not repeat it here in detail.
We suggest that all non-phononic modes in IR (at
280, 550 and 3500 cm ⫺1) and Raman spectra (at
640 cm ⫺1) originate from electronic transitions
between d–d levels of V 4⫹ ions. According to simplified scheme given in [7,18], which considers 3d orbital state in the VO5 pyramid, there are five electronic
levels by crystal field of cs symmetry. The lowest level
could be at 280 cm ⫺1, and the next levels at about
600 cm ⫺1, 3500 cm ⫺1, and 1.25 eV [7].
In conclusion, we presented far infrared and Raman
spectra of NaV2O5 single crystal. FGA predicts 24
Raman and 18 IR active modes. We experimentally
observed 19 Raman and 16 IR modes which represent
the most complete list, up to now. The mode assignment is given according to shell model lattice dynamical calculation. This calculation was conducted, for
the first time, taking into account the new crystal

symmetry determination of this compound (Pmmn
space group). We found a very good agreement
between the experimental data and calculated
frequencies. We believe that all non-phononic
modes in IR and Raman spectra originate from electronic transitions between d–d levels of V 4⫹ ions.
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