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The phonon dynamics of Li¥Ds single crystals is studied using infrared and Raman spectroscopy tech-
nigues. The infrared-active phonon frequencies and dielectric constants are obtained by oscillator fitting pro-
cedure of the reflectivity data measured at room temperature. The Raman-scattering spectra are measured at
room temperature and &t=10 K in all nonequivalent polarized configurations. The assignment of the phonons
is done by comparing the infrared and Raman spectra of@Qi\and Na\LOs. The factor-group analysis of the
LiV ,05 crystal symmetry and of its constituent layers is performed to explain the symmetry properties of the
observed modes. We concluded that layer symmetry dominates in the vibrational properties of this compound.

I. INTRODUCTION served. The assignment of the vibrational modes is done by
comparing the phonons in L5 and NaVOs. Further-
During the past several years low dimensional quantunmore, our spectra demonstrate the dominance of the layer
spin systems such as the spin-Peierls, spin-ladder, and aymmetry in LiV,Os.
antiferromagnetic Heisenberg linear chain systems have at-
fcracted muph attentiohThe vanadate fz?\mily oAV ,05 0x- Il EXPERIMENT
ides (A=Li, Na, Cs, Mg, and Ca which have common
V4O square pyramids in the structure, have demonstrated a The present work was performed on single-crystal plates
variety of the low dimensional quantum spin phenomenawith dimensions typically aboutX4x0.5mn? in the a, b,
charge-ordering transition in Na@s,? spin-gap behavior in and c axes, respectively. The details of sample preparation
CaMg)V,0s,° and Cs\0s,* and typical one-dimensional were published elsewhefelhe infrared measurements were
(1D) behavior without spin gap in Li¥0Os.* The magnetic carried out with a BOMEM DA-8 FIR spectrometer. A
susceptibility data, fitted in the framework of the Bonner-DTGS pyroelectric detector was used to cover the wave-
Fisher model with the exchange interactidn 308 K,* sug-  number region from 100 to 700 crly a liquid-nitrogen-
gest that the magnetic properties of this system can be deooled HgCdTe detector was used from 500 to 1500 tm
scribed using homogenous Heisenberg antiferromagnetidpectra were collected with 2-crh resolution, with 1000
linear chain model. The nuclear magnetic resonghddR)  interferometer scans added for each spectrum. The Raman
measurements showed the formation of the staggered sp#pectra were measured in the backscattering configuration
configurations due to the existence of the finite-size effect. using micro-Raman system with DILOR triple monochro-
However, in spite of good understanding of the magnetionator including liquid-nitrogen-cooled charge-coupled de-
properties, the study of the vibrational properties of §@¢  Vvice (CCD) detector. An Ar-ion laser was used as an excita-
is of a great importance because of the still puzzling intertion source.
play between the charge and the magnetic ordering in
NaV,0s.° Thus in this work we present the polarized far-
infrared (FIR) reflectivity as well as the Raman-scattering
spectra of Li,Os single crystals. The 1, 7By, 6B, LiV ,05 has an orthorhombic unit célwith parameters
9B;,, and B,, symmetry modes are experimentally ob- a=0.9702 nm, b=0.3607 nm, c=1.0664nm, Z=4, and

IIl. RESULTS AND DISCUSSION
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FIG. 2. Room-temperature polarized far-infrared reflectivity
spectra of LiV,Os single crystal for(a) Ella and (b) Ellb polariza-
tions. The experimental values are given by the open circles. The
solid lines represent the calculated spectra obtained by fitting pro-
cedure described in the text.
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FIG. 1. Schematic representation of the k¥ crystal structure o
in the () (001 and (b) (010 plane. where w o ; and wyg; are longitudinal and transverse fre-

quencies of thgth oscillator,y o ; and yro; are their cor-
space grouanma(D%ﬁ). Each vanadium atom is sur- responding dampings, ard is the high-frequency dielectric
rounded by five oxygen atoms, forming VQpyramids. constant. The static dielectric constant, given in Table |, is
These pyramids are mutually connected via common edgecgatalned using the generalized Lyddane-Sachs-Teller rela-

T — n 2 2
to form zigzag chains along the direction. Such a crystal- 10N €= €=Ilj_ (o i/ 070 . o
line structure is characterized by two kinds of vanadium The best-oscillator-fit parameters are listed in Table I. The

double chains along the axis. One is magnetic 47 (S agr(_eement between observed and_calgulate_d reflecf[ivity spec-
—1) and the other one is nonmagneti€(S=0) chain. tra is rather good_. For thElla polarization, nine oscillators
These chains are linked by corner sharing to form layers ifVith TO frequencies at about 202, 243, 255, 340, 397, 545,
(001) plane, Fig. 1a). The Li atoms are situated between 724,948, 1006 cml_are clearly seen. In thellb polarization
these layers, as shown in Fig(bL The LiV,0s unit cell ~ LFig, 2b)] five oscillators at 180, 255, 323, 557, and 595
consists of four formula units comprising 32 atoms in allcM ~ are observed. We failed to obtain usefull signalEc

(Fig. 1). The site symmetry of all atoms in Pnma space grougsPectra because of the very small thicknessixis) of the

is C,. The factor-group analysiEGA) yield$ sample. The room- and low-temperature Raman spectra of
s LiV ,0Os, for parallel and crossed polarizations, are given in
(Li, V1, V,, O;,0,,05,0,,0s) (Cy): Fig. 3. The spectra for parallel polarizations consistAgf
symmetry modes. Thirteen modes at 100, 123, 172, 209, 328,
T'=2Ag+ A+ Brgt 2By + 2B+ Byy+ Bag+2B5, . 374, 398, 528, 550, 639, 725, 965, and 989 trare clearly

seen for thglaa) polarization, two additional modes at 197
h%nd 456 cm? for the (bb) polarization and one additional
mode at 267 cm' for the (cc) polarization. For the crossed
(ab) polarization seven Raman actiy, symmetry modes
at 168, 250, 270, 333, 546, 646, and 737 ¢rare found. In
the case of thébc) polarization, sixBs, symmetry modes
_ were observed with almost the same frequenciesB
I'=16A,(aa.bb.cc)+8Byq(ab)+ 16Bz5(ac) +8Bs(bo) modes. The Raman spectra f@c) polarization is given?gisn
+15B,,(Ellc) + 7B, (Ellb) + 15B5,(Ella). Fig. 3(f). For this polarizatior(B,, symmetry we could not
resolve any new mode. Namely, all modes observed for this
Thus 48 Raman and 37 infrared active modes are expolarization have been already seen in parallel or in other
pected to show up in the LiDs spectra. The room- crossed polarizations, probably because of low quality of the
temperature polarized far-infrared reflectivity spectra of(010) surface. The frequencies of all observed Raman active
LiV ,Os are given in Fig. 2. The open circles are the experi-modes are given in Table II.
mental data and the solid lines represent the spectra com- We will first consider the Raman spectra shown in Fig. 3.
puted using a four-parameter model for the dielectrickrom the 18y, 8By, 8B3,, and 1@,; modes predicted
constant’ by FGA of LiV,0s, we clearly observe ¥, 7By, and

Summarizing these representations and subtracting t
acoustic B,,+B,,+B3,) and silent (&,) modes, we ob-
tained the following irreducible representations of L}
vibrational modes oPnmaspace group:
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TABLE |. Oscillator fit parameters in cht.

Polarization w70 Y10 w0 Y0 €9 €. Remark
202 16 230 18
243 6 246 6 Lia
255 7 268 23 0O-V-0O bending
340 80 380 60 0O-V-0O bending
Ella 397 30 402 80 16.7 6.5 0O-V-0 bending
545 20 622 15 Y2-O; stretching
724 40 727 50 Y2 Ous) stretching
948 4 962 5 \(-O; stretching
1006 4 1011 4 V-0, stretching
180 25 207 35 0-V-0O bending
255 10 259 15 0O-V-0O bending
Ellb 323 10 350 15 13.4 4.5 MO;-V, bending
557 23 571 15 Y(2-O; stretching
595 18 790 20 V2)-Oqs) stretching

6B34 modes. The missing modes seam to be of a very weak 1, identity,

intensity. The (ac) polarized spectrgFig. 3(f)] consist 2., twofold screw axis parallel to thie axis,

mostly of A; modes(and someB). The appearance @& 1, center of symmetry located between y@yramids,
andB3y symmetry modes at the same frequencies lead us to m, mirror plane perpendicular to theaxis.

consider the crystal structure of this oxide once again. The The DG15 diperiodic group is the only symmetry opera-
LiV ;05 crystal is a layer crystdlsee Fig. 1b)]. The vibra-  tion group of 80 that has these symmetry operations. The full
tional properties of such crystals demonstrate the dominancgmbol of this diperiodic group i®12,/m1. This group is

Of the Ia.yer Symmetr?ﬂloThe Unit Ce” Of L|V205 ConSiStS Of isomorphic with the Cgh (lelm) Space group(second
two layers with 16 atoms in all. The full symbol of space getting.12 All atoms are in symmetry positiofe) of this

group is P2;/n2,/m2,/a. The first symbol represents space groupwith C. point symmetry. The normal-mode
2;-screw axis along axis followed by diagonal glide plane gistribution for the layer is

(n) perpendicular toa axis with translation lf-+c)/2; the

second symbol is the ;2screw axis parallel td axis with ['=16A4(XX,yY,2zX2) +8By(xy,yz) +8A,(E|ly)
. h i . g Y Y g ’ u

mirror plane perpendicular to it and third symbol means

2,-screw axis parallel ta axis with glide plane perpendicu- +16B,(E[|x,E[2).

lar to c axis with translation o&/2 (see the lower part of Fig.
4). If we consider only one layer we break the periodicity in ~ The compatibility diagram, relating the layer and the crys-
the direction perpendicular to the layer. As a consequenceal vibration of LiV,Os, together with the schematic repre-
there are no more symmetry operations along ahend c

axes. Now we should consider the layer symmetry in terms TABLE Il. The frequenciegin cm™!) of Raman active modes
of diperiodic group¥' rather than triperiodic space groups. of LiV ,Os.

We found four operation of layer symmetry, Fig. 4:

Number of peaks Aq Big Bag Bag
(@) |5 (aa) (d) (ab)
2 . s || ek 1 100 168 168
7es 1y 13N w 1 2 123 250 250 12342
il 3 3 172 270 270 1724-3
- 4 197 333 333 25B14-2
'§ (b) (bb) 5 209 546 27MB14-3
% 10 6 267 646 646 328\y-7
5 2 7 328 737 737 33By4-4
g 8 374 374A,-8
= @ (cc) I o s00K (@) 9 398 528A,-11
—— 300K 10 456 550A4-12
T 11 528 646B,,-6
12 550 737B14-7
13 639 965A,-15
200 400 600 800 1000 200 400 600 800 1000
Raman shift (cm™) Raman shift (cm™) 14 725 989A,-16
15 965
FIG. 3. Room- and low-temperature Raman-scattering spectra 16 989

for all principal polarized configuration&., =514.5 nm.
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FIG. 4. Compatibility diagram relating the layer and crystal vi- Raman shift (cm™)

brations in LiV,Os.

FIG. 5. The(aa) (solid lineg and (bb) (doted line$ polarized
sentation of the layer and the crystal symmetry operations asom-temperature Raman spectra of k¢ and Na\WOs. Inset:
well as the experimental conditions for the observation of theschematic representation of basing building blocks of Li and Na
optical modes, are given in Fig. 4. According to Fig. 4 e  vanadate crystal structure.
modes for the layer symmetry appear for parallel anddoy
crossed polarization and ttg,; and B3y modes of crystal bond in Na vanadate. Thus we can expect the appearance of
symmetry merge intoB; modes of the layer symmetry. two modes with frequencies higher and lower than the
These facts are fully in agreement with our Raman spectraNa V-O,; bond stretching frequency. In fact, two modes are
Fig. 3. Thus we can conclude that the vibrational propertie®bserved in Fig. 5 at lower and higher frequency than
of crystal are predominantly due to vibrational properties ofNa V-O; mode. Applying the same analysis to another dou-
the layer. As we already mentioned, the size of samples iblet in the bond stretching energy region we conclude that
(010 plane and worse quality of this surface do not allow us528/550 cm® modes originate from YO, (V,-Os) bond
to check this conclusion also by infrared spectroscopy. stretching vibration. This doublet corresponds to the mode at

By comparing the LiyOs spectra with the corresponding 534 cm * of NaV,Os.

spectra and the lattice dynamics of N&, ***we analyze Similar nonphononic broad structure, observed in Na
the LiV,0s5 phonon properties. The basic building blocks of vanadate fotaa) polarization at about 640 cm (see Fig. 5,
LiV ,05 crystal structure are VQpyramids which are mutu- is found in LiV,0O5 as a doublet at about 639/725 ¢t
ally connected by edge to build the chains. Such chains ar€here are several scenarios to explain this structuFerst,
also present in Na)Os. The difference between crystal electric dipole transitions between split crystal-field levels,
structures of Na and Li vanadate is illustrated in Fig. 5. Insecond, two-magnon scattering, and third, possible electron-
NaV,0s there is only one vanadium site while in Li; two ~ phonon coupled modes observed in antiferromagnets. In the
nonequivalent vanadium atom positions are present. Besidesse of NayOs the wide structure shifts to lower energy
that, the \4-O-V, angle in LiV,Ox is smaller(1209 than in  upon cooling'® Fischeret al!* concluded that such kind of
NaV,0s (140 9. Distance between atoms in ¥@yramids behavior comes from electron-phonon coupling like in anti-
does not differ significantly in Li and Na vanadates. Thisferromagnetic FeGI*® The opposite frequency shift vs tem-
produces only a small frequency shift of the correspondingerature of wide structure maximum in Ng® then in
modes in these compounds. The existence of the two diffefeC}, is connected with the strong spin fluctuations in low
ent VO; chains with nearly the same interatomic distance carlimensions:
produce the appearance of mode doublets. Raman spectra for Two-magnon excitations lead to broad band structures in
(aa) and(bb) polarizations of both compounds are shown in Raman scattering spectra. The very recent neutron-scattering
Fig. 5. As it can be seen from Fig. 5, each mode of May measurement$of LiV ,05 show antiferromagnetic periodic-
in the bond stretching regiof@bove 450 cm?) appears as a ity along theb axis (chain direction. These results suggests
doublet in LiV,0s. The highest intensity mode in Na®;  that LiV,05 can be regarded as a collection of independent
originates from V-Q bond stretching vibration. The distance S=3 antiferromagnetic linear chains with zone-boundary
between these atoms in Na vanadate is 1.62 A. In Li vanaenergy of 42-3 meV. The frequencies of observed modes
date there are two such bonds, one longer bond 1.65 A640/725 cm?) are comparable with the values of exchange
(V,-O5) and one slightly shorter 1.61 A/,-O,) than V-O,  coupling energy J=308K (3J=640cm) and zone-
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boundary energy range E2z=628-724 Crﬁl), respec- 0-V-0O bending vibrations as the highest intendity) po-
tively. However, the polarization selection rules allow thelarized mode in Na sample. The broad structure at about 398
appearance of modes for polarization of incident and scatem * seems to correspond to Li vibration. If we consider
tered light parallel to the dominant exchange pétkaxis mass effect only, the replacement of heavier Na atoms with
direction. Because we observed broad modes only(&  lighter Li produces the shift of corresponding mode towards
and(cc) polarization and there is no frequency shift of thesehigher ~ frequency  according to wf,=179cm?)
modes to higher energies by lowering of the temperature wex (my,/m;;)*?=326 cm'%, which is not to far from the ob-
concluded that two-magnon scenario is not realistic. served mode. Besides, the Li-O vibrations are expétiat
Finally, we consider the appearance of these modes aghout 390 cm®. The pair of modes at 172/209 cthorigi-
Crystal'ﬁeld induced? These transitions between different nates from O-V-O bending vibration, and the pair of lowest
crystal-field levels should be discrete, and no significant frefrequency modes at 100/123 chrepresents chain rotation
guency shift vs temperature can be expected. This is in agnodes.
cordance with our spectra given in Fig. 3. The appearance of The similar analysis could be conducted Bys), modes.
two peaks can be understood due to existence of two stru¢yamely, the modes at 646 and 737 ¢mare V;-O, and
turally different strongly deformed VEQpyramids. V,-Os bond-stretching vibrations; the three modes at 250,
The mode at 788 cnt is probably IR active LO mode 270, and 333 cm® are bond-bending vibrations, and the
(790 cm %, see Table)lbut its appearance is not understood jowest frequency mode at 168 cfirepresents chain rotation

at the moment. _ o mode. We should mention that similar mode exists in
bond-bending vibrations. In the Na vanadate the %O Identification of the infrared modes, obtained by compari-

bending mode appears at 448 c¢m The corresponding son with IR spectra and lattice dynamics of N@ is given
mode in Li vanadate could be the one at 374—&IT|NOte that in Table | and we do not repeat it here again_

the frequency of this mode is about 16% lower than in Na | conclusion, we have measured the infrared and Raman
vanadate, as a consequence of the change of the bonghectra of Li,0s. The assignment of the phonons is done
bending force constant. We make an approximate estimatiogy comparing the infrared and Raman spectra of Qyand

for the change of the bond-bending force constant by scalingja\,,0,. The factor-group analysis of the Li®s crystal

the frequency as the square root of the force constant, angmmetry and of its constituent layers is performed to ex-
assuming a scaling of the force constantsRas (Ris the  pjain the symmetry properties of the observed modes. Fi-

bond length.*? Similarly, scaling of the phonon frequency najly, our spectra demonstrate the dominance of the layer
for the bond-stretching mode i® . In our case the symmetry in LiV,Os.

R(O-V-O)pa/R(0-V-0),; is 0.98. This parameter can pro-
duce the decrease of the phonon frequency of only 5%. The
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