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Optical properties of a’-Na,V,05
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The optical properties of sodium-deficiemt-Na,V,05 (0.85<x=<1.00) single crystals are analyzed in the
wide energy range, from 0.012 to 4.5 eV, using ellipsometry, infrared reflectivity, and Raman-scattering tech-
nigues. The material remains insulating up to the maximal achieved hole concentration of about 15%. In
sodium-deficient samples the optical absorption peak associated to the fundamental electronic gap develops at
~0.44 eV. It corresponds to the transition between vanadiyyrand the impurity band, which forms in the
middle of the purex’-NaV,0s gap. Raman spectra measured with incident photon energy larger than 2 eV
show strong resonant behavior, due to the presence of the hole-doping activated optical transitions, peaked at
~2.8 eV.
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. INTRODUCTION tration with respect to the nominally pute -NaV,Os has a
strong influence on the room-temperature Raman spéttra.
a’-Na,V,05 belongs to the family oAV,05 oxides A  The largest effect is the energy shiitbout 35 cm?) of the
=Li, Na, Ca, Mg, which have demonstrated, due to their bond-bending (V-0;—V) 448-cm ! phonon caused by
peculiar crystal structurés? a variety of low-dimensional the Na deficiency. Such a strong renormalization of the pho-
phenomena. The nominally pute -NaV,0s is a mixed va-  non frequency is conjectured to arise from the delocalization
lence compound\(*":V3*=1:1), with the structure con- of the electrons from the ladder legs to the bridge oxydens.
sisting of vanadium-oxygen (V&) pyramids that are con- Here we further examine the electron-phonon coupling
nected via common edges and corners to form layers in theffect in «’'-NaV,05 by measuring Raman spectra using
(ab) plane. Its structure can be described as an array dfifferent laser line energies. We also analyze the influence of
parallel ladders running along tliseaxis, Fig. 1. Each rung is

made of a V-O-V bond, and contains one valence electron 0
donated by the sodium atoms, which are situated between c

layers. The sodium deficiency does not altef crystal

structuré up tox=0.70, but changes the relative abundance O Na

of the V" and V' ions, e.g., introduces “extra” holes
(more \P* iong) in the (ab) planes.

a'-NaV,05 is one-dimensional antifferomagneti@&F)
insulator at room temperatutejespite the fact that the va-
nadium atoms have uniform valence 4.5, which indi-
cates the quarter-filled band structure, and suggests a metal-
lic state. However, the optical measuremémes/ealed the
electronic gap of the order of 1 eV, which is formed between
linear combinations of the,, states of the two vanadium
ions forming the rungs.The insulating ground state is ar-

gued to originate from the strong electron-electron b.
interaction>® e.g., due to the presence of a large on-site Hub- 1 V-0V
bard repulsion parametér. rung

The effects of the hole doping on the optical properties of
a'-NaV,05 have not been studied in details. This interesting
topic certainly deserves attention because of the spectacular FIG. 1. Schematic representation of thé-NaV,Os crystal
effects observed in doped AF insulators, e.g., high-structure in thg001) and (010 planes. Effective representation of
temperature superconductivity. Reduction of the Na concenparallel ladders coupled in a trellis lattice is also shown.
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FIG. 2. Raman spectra a@f'-Na,V,05 measured al =300 K using various laser line energies fay x=1, (b) x=0.95,(c) x=0.90,
and(d) x=0.85. The symbols are experimental data, and the fits are represented with solid lines.

the Na deficiency on the optical transitions in the mid-IR Ill. RAMAN SPECTRA
(infrared, and visible energy range. First, we show that the _. :
phonon energy renormalization is not as large as reported in, Figure 2 shows theda) polarized Raman spectra of
Refs. 7,8, since the structure around 450-500 toonsists @ “N&V20s, measured at room temperature, for several la-
in fact of two modes. Their intensity ratio changes due to the>€" line energies. The spectra are scaled along the vertical
resonant conditions caused by the activation of the hole dog?xis for clarity. The spectra of nominally pure -NaV,0Os,
ing associated electronic band, peaked-28 eV. Second, and the Na-deficient spectra measured with 514.5 nm laser
we discuss the electronic structure @f-Na,V,Os on the line show the characteristic features that were already ob-
basis of the IR reflectivity and ellipsometric measurements.served, and discussed in previous pap&r$Here, we focus

on the (350-800)-cm* energy range, where threfg, pho-

non modes at 418 cnt, 448 cm!, and 532 cm?, and a

Il. EXPERIMENTAL DETAILS broad structure centered at 650 chmare found. Two

phonons at 448 cm and 532 cm? are strongly interact-
ing with underlying continuum, which is manifested through

about 2<4X 0.5 mn? in the a, b, andc axes, respectively. their asymmetric line shapes. In the Na-deficientﬁsiamples this
The details of the sample preparation were publishe@TeCt seems to be strongly enhancethe 448-cm = mode
elsewheré. The ellipsometric measurements were done orforresponds to the AO;—V bond-bending vibrations,
the (001) surfaces of the crystals, both with the plane ofWhereas the 532-cit mode corresponds dominantly to the
incidence of the ||ght a|ong the and theb axes. An ang|e of bond-stretching V—02 vibrations with a small contribution
incidenced of 66°, was used in all experiments. Procedureof the V—Os—V bond-bending vibration} The origin of

for extraction of the dielectric constants is described in Refthe 650-cmi® structure is still under debate. Its possible
9. The infrared measurements were carried out with amagnetic origin, due to the AF coupling of the electrons
BOMEM DA-8 far-IR spectrometer. A DTGS pyroelectric along the ladder directiorb(axis), can be ruled out since the
detector was used to cover the wave-number region from 108tructure is observed only in the#) polarized configura-

to 700 cm'%; a liquid-nitrogen-cooled HgCdTe detector was tion, and because its energy does not fit the estinfanéshe
used from 500 to 5000 cnt. Spectra were collected with exchange-coupling constant. The electronic band-structure
2-cm ! resolution, with 1000 interferometer scans added forcalculation$>® show no evidence for the existence of low-
each spectrum. Raman spectra were measured in the badking electronic states even though both Raman and IR spec-
scattering configuration using micro-Raman system withtra confirmed their activity. The polaronic scenario, as dis-
DILOR triple monochromator including liquid-nitrogen- cussed in Ref. 8, is also questionable since the maximum of
cooled charge coupled device detector. The Ar and He-Néhe electron density of states does not fall above the energy
lasers were used as excitation sources. of the highest frequency phonon mode. Nevertheless, Raman

The present work was performed on single-crystal plate
of a’-Na,V,05 (0.85=x=<1.00) with dimensions typically
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TABLE . Oscillator fit parametergin cm™1). sented with a Gaussian. The fifth oscillator appears at about
495 cm'! and its difference from the 448-cm mode is
A=632.8 A=5145 \=488 \A=4579  geen in the Raman spectra®f-Naj o2V,0s, measured with

a'-Nag g3V 205 nm nm nm nm 488-nm laser line, see Fig.(9. It is difficult to argue
1 » 418 418 418 418 whether 495-cm? m_ode inter_acts with the continuum or not,
| 1500 1400 1200 1500 so we used L(_)rer_1t2|an for_thls mode. '_I'he results of the_f|t are
shown as solid lines in Fig. 2. The fits are excellent in all
w 12 12 12 12
2 3 445 445 445 445 cases. Thg values of the parameters d6¥Ng, ¢5V,05 are
p
| 05 18 6.5 50 presented in the Table_ l.
q 19 10 A5 05 _ _The major c_hange in Raman spectra undfar resonant con-
: : ditions is described by only four parameters; intenflifyand
r 20 20 20 20 g, of the 448-cm* mode, intensity of the 495-cit mode,
3 @ 495 495 495 and thew of the Gaussian. The values of the and w,
' 15100 27050 46100 =wy—1I'/q (o is the position of the mode maximyrob-
w 0 80 81 tained from these fits are, within experimental error, the same
4 wp 930 530 530 530 for all spectra. Since thE is squared matrix element of the
' 0.7 22.7 36 17 coupling between continuum and discrete state, this param-
q 17 35 2.8 3.7 eter should have no relationship with scattering
r 10.5 10.5 10.5 10.5  wavelengtht® This is to be expected for the pure resonant
5 o 664 649 646 621 effect, unless there is a change in the strength of the electron-
I 27700 38100 50000 39000 phonon interaction, caused by the sodium deficiency. How-
w 170 165 182 195 ever, these parameters are also found to be the same for all

samples with different Na concentrations, which indicates
that the electron-phonon interaction is not dependent on the
spectra indicate the existence of the strong electron-phondmole concentration. The parametgof the 448-cnmi® mode
coupling, that should be related to the charge transfer of thbas a strong dependence on scattering frequency, and its
rung electron. The sodium deficiency introduces the holes ivariation increases with increasing sodium deficiency. Simi-
the rungs, so it is natural to conjecture that such charge didar increase is also found for the intensity of the 495-¢m
sonance is responsible for the bond-bending phonomode. The square of the parametgerepresents the ratio of
renormalizatior?. the scattering probability for discrete state to that of the con-
However, the Na deficiency has very little or no effect ontinuum, henceg can exhibit a dependence on the scattering
the Raman spectra measured with the 638.2-nm line, see Fiffequency if the two processes have different frequency de-
2. The V—0,;—O bond-bending phonon at 448 cihdoes pendencies. This is confirmed by our fits. The new mode at
not exhibit large energy renormalization and the 650-¢m about 495 cm? is probably bond-bending vibration of the
electronic continuum is clearly visible even in the samplerung without electron, since its energy is close to the corre-
with the 15% hole concentration. This finding suggests thasponding bond-bending vibration in,@s (482 cm !, Ref.
it is necessary to include the resonant effects into consideit8). Under resonance the change of these paraméterse
ation. For example, in Fig.(B) we present thega) polar-  precisely 1¢, and/or intensity can be related to the change
ized room temperature Raman spectra @fNa, oV,0s  of the optical conductivity or dielectric constafitin the
single crystal measured with several laser line energies. Thisominally purea’-NaV,0s, there is no electronic band in
graph shows a typical evolution of the Raman spectra irthe visible energy regioh?°and the Raman spectra show no
a'-Na V,05 under strong resonant conditions. Thus, we fitdramatic transformation induced by the measurements with
the Raman spectra using Fano motelhich includes the different laser line energies. However, strong resonant scat-
effects of the interaction between discrgponon and con-  tering in the Na-deficient samples should originate from the
tinuum (electron states. For a particular energy range,new electronic transitions at energies between 2 and 3 eV.
350-800 cm?, we took five oscillators with 17 parameters. This band, induced by hole doping is found at about 2.8 eV
It is important to note, as it will be evident from our fits, that using ellipsometric measurements, as discussed in the fol-
not all the parameters are crucial for the observed line-shagewing section.
change. The parameters of the first Lorentz oscillator at
418 cm ! are ke_pt con_stant, and used for the normallzatlonI ' ELLIPSOMETRIC AND INFRARED MEASUREMENTS
of the spectra, since this mode does not show any change o
intensity, energy, or half width under resonant conditions. The optical conductivity ofa’-Na/V,0g, obtained from
For the phonons at 448 c¢m and 532 cm?® we adopt the the ellipsometric measurements is given in Fig. 3. For the
Fano line shapes of the foffl ~(q+ €)%/(1+€), with @ nominally purea’-NaV,Os the bands at the energies 0.9,
being the ratio of the Raman tensors for discrete vibronic and.2, and 3.2 eV for,, and at 1.2, 1.6, and 3.7 eV fot, are
continuum electronic scattering. The parameteris (w  found in accordance with previous papéts?® The sodium
—wp)/T', wherew, andT" represent the real and the imagi- deficiency causes the activation of the new optical transitions
nary part of the phonon selfenergy, when its interaction withat about 2.8 eV irr, and at 3.2 eV iy, see Fig. 3. As we
a continuum is taken into account. The continuum is reprehave already mentioned, the 2.8-eV peak is responsible for
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FIG. 3. Optical conductivity ofa’-Na,V,0s measured aff FIG. 4. Optical conductivity ofx’-Na,V,05 obtained from the

=300 K for Efla (lower panel and E[b (top panel. Thex=1  Kramers-Kronig analysis of the reflectivity spectra Efa (top
(solid), x=0.98 (dashegi x=0.95 (dot), x=0.90 (dash-dox, andx  pane) polarizations, and||b (lower panel. Inset: Schematic rep-
=0.85(solid). Vertical dotted line is placed at energy that denotesresentation of the V@, ,-IB transitions.

the highest laser energy used in Raman experiment. Low inset:

Intensity of 495 cm? mode as a function of the laser line energy
for variousx. Top inset: Schematic representation of the electroni
levels ina’-Na,V,0s.

JAhe observed insulating behavior. In the insulating state, the
optical transitions between @2and the bonding Va,,
states should be forbidden. The next possibility is that the
the resonant behavior of theg) polarized Raman spectra. final state of 3.2-eV peak corresponds to the nonbonding V
The intensity of the 495-cm' mode, see inset Fig. 3, and the 3d,, state, which forms when there are two electrons in the
parameteiq ! of the 448-cm* phonon, mimic the change rung. According to the modified Heitler-London model, pro-
in o,, which reinforces our conclusions about resonant efposed in order to account for the observed features in the
fects in the Raman spectra. optical conductivity spectra af’-NaV,0s,” the nonbonding
The essential features of tle -NaV,Os electronic struc-  band lies in the middle of the bonding-antibonding gap. The
ture are formed from oxygen®and vanadium 8 states. sodium deficiency is expected to drive the Fermi level inside
The fully occupied oxygen |2 states are located about 3 eV of the bonding bend, which now activates the transitions be-
below the lowest of the V8 states split by ligand field  tween the Op and bonding V8, states. In this case, the
The lowest state of the 4 3d manifold, 3,y state, is occu-  bonding level is partially filled, so this scenario also relies on
pied by one electron. The V-O-V rung is formed through thethe formation of the metallic state im’-Na,V,0s, which is
electron hopping via oxygen{states. Due to this coupling, not observed.
usually denoted af, , two 3d,, orbital levels form symmet- The IR reflectivity measurements show that the material
ric and antisymmetric combinations of levelsonding and remains insulating up to the maximal achieved hole concen-
antibonding levelsthat are split by 2,~0.7 eV The in-  tration of about 15%. The optical conductivity, obtained
sulating state appears due to the large on-site Hubbard repdtom the Kramers-Kronig analysis of the IR reflectivity, is
sionU which pushes the Fermi level in the middle of the gappresented in Fig. 4. In botho, and o, spectra of
between bonding and antibonding stat€sThus, the main  «'-Na,V,Os we found no Drude behavior at low frequen-
peak in the optical spectrum along thalirection at 0.9 eV  cies. Instead, the dominant feature activated by the Na defi-
seems to originate from the transitions between bonding andiency is observed ior, at about 0.44 eV, with a half width
antibonding states of the same ruh@he higher energy at half maximum of about 0.25 eV. Note that its energy cor-
bands, above 3 eV, are similar to those found ©OY,?° and responds to the half of the energy of 0.9-eV peak.
correspond to the Q2V3d type of transitions. Clearly, all scenarios discussed so far are not yet adequate
The sodium deficiency changes the relative abundance @b fully describe the optical transitions and the electronic
the VA" and \P* ions. In fact, introduction of holes leeds to structure of thex’-Na,V,0s. We argue below that the elec-
the formation of rungs without electrons, similar to the tronic structure based on the four electronic bands can ac-
Ve —05;—V°* bonds in \4Os. Therefore, the optical tran- count for the major features observed in the optical conduc-
sitions above 2 eV should also be similar in,®4 and tivity of «’-NaV,0s. Simplified schematic representation of
a'-NaV,0s. However, previous studi#s23did not clearly  the optical transitions, and the energy levelsxitNaV,Ox,
show what kind of the final state is involved in the 3.2-eVis shown in the inset of Fig. 3. In the nominally pure
(o,) transition, and this turns out to be the most importanta’-NaV,Os, the arrows in the left side of the inset of Fig. 3
information in order to understand the electronic structure ofepresent the optical transitions which we have already dis-
the Na-deficient samples. If the final state is the bondingussed. The energy levels of the sodium deficient samples
V3d,, state, as described in Ref. 23 the-NaV,0s should  are shown in the right side of the inset of Fig. 3. In order to
be in the metallic state, which is in strong disagreement withaccount for the appearance of the new modes at 2.8 eV and
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0.44 eV ina’-Na,V,05 spectra, we have to assume the ex-solution is an insulator since the Fermi level is placed in the
istence of the impurity bandiB), which forms inside the middle of the gap between bonding, states and IB. The
electronic gap of the pure’-NaV,0s. This band is further 0.44-eV peak is found to be much strongewinthen ino,

on considered to be empty, so the optical transitions, denotegpectra. Thus, we tentatively assigned it as the inter-rung
as processes “3” in Fig. 3, may appear in the spectra. Weelectron transition along thie axis.

find strong support for our assumption in the electronic struc-

ture, and the optical specfraof V,Os. In this compound V. CONCLUSION

very narrow electronic band, which is separated from the rest . . .
of t)rlwe conduction band by an additiongl gap, exists at the ]n conclusion, we present the analys'ls of the optical prop-
energy of about 2.5 eV. Thus, it is possible that impurityertIes ofa’-Na,V,05 using ellipsometric, IR and Raman-

band in sodium-deficient samples has its origin from thisscatterlng techniques. Despite strong hole doping the mate-

level. If so, the optical process “3” corresponds to the tran_rial remains insulating up to the doping concentration of
) ) 0 . .
sition between oxygen 2p band and IB. Its enelgy=E, about 15%. The insulating state appears as a consequence of

yon very narrow impurity band formed in the middle of the elec-
.—1/2E1~_ 2.8 eV, indicates that the IB forms almost exactly trorilic gap of trF])e pﬁrex’-NaVZOg,. The optical absorption
in the middle of the electronic gap of the pute-NaVv,0s. peak develops at-0.44 eV and corresponds to the transi-
This IS further supported by the existence of the mu_j-lR ab'tions between vanadium ¥,, and impurity band states. The
sorptlon peak at abOLE'B:UZE.lNO'M ev, see Fig. 4, change of the Raman-active multiple phonon structure upon
which corresponds to the transitions betwee,y and IB doping, in the energy range between 450 and 550 kris
states. The nature of the IB determines the electronic ProRa cor;sequence of the resonance, and is caused by the acti-
erties ofa’-Na,V,05. By increasing sodium deficiency the ’

0.44-eV peak grows in intensity and its width increasesvzgokgdogt ;hbeoukt“?zles g\c;pmg associated optical transitions
which indicates that the 1B gains dispersion. In order to pre:p ' '
serve the preferential insulating ground sté&ieleast up to
15% deficiency this process is accompanied with the in-
crease of the gap between vanadiuth I8ands. This is evi- M.J.K. and Z.V.P. acknowledge support from the Re-
dent from the energy increase of the peak “1"dr,. Be-  search Council of the K.U. Leuven and DWTC. The work at
cause of that, and since this band is indeed very naf@o2b  the K.U. Leuven is supported by Belgian IUAP and Flemish

eV), IB does not overlap with the occupieg, band, and the FWO and GOA Programs.
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