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The phonon dynamics of the spin-ladder vanadium oxid¥50s; (A=Na,Ca,Mg,Cs is studied using
infrared and Raman spectroscopy techniques. The infrared-active phonon frequencies are obtained by Kramers-
Kronig analysis of the reflectivity data. The assignment of the phonon modes in (Ca, Mg@zss\based on
the shell model lattice dynamical calculation ®f-NaV,Os. The large phonon frequency (448 ¢ renor-
malization in the sodium-deficient samples is found to be similar to the resonant-induced phonon renormal-
ization in the nominally purex'-NaV,Os. In the Raman spectra of Cad); and Mg\,Os we observed the
phonon overtones and combinational lines up to the fourth order. No spin-related modes are foungdp. CsV
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. INTRODUCTION between the layers, Fig.(d. Each layer consists of VO
corner sharing square pyramids linked to V@trahedra.
Recently, the low-dimensional quantum spin systemsThe average V-O distance as a function of the coordination
such as the spin-Peierls, spin-ladder, and the antiferromagnd oxidation number suggests that th&"\Vand \P* ions
netic linear chain systems, have attracted much attehtionare segregated within the square pyramids and the tetrahedra,
The vanadate family oAV,05; oxides @A=Li,Na,Cs,Mg, respectively® The crystallographic parameters, given in
Ca), which have common V@square pyramids in the struc- Table I, will be discussed in details later.
ture, have demonstrated a variety of the low-dimensional The main difference between properties of Ca(MgPy
quantum spin phenomena such as one-dimensional antiferrénd a’-NaV,0s is the fact that in the latter material the
magnetism ina’-NaV,Os (Ref. 2 and LiV,0s (Ref. 3, the spins are qot attached to a single V ion but to V-O-V mo-
antiferromagnetic two-leg ladder structure in G& (Ref.  lecular orbital of the rung-*#In the case of Ca(Mg)}Os

4) and Mg\,05 (Ref. 3, and the spin-dimer structure in theS=1/2 spins are attached to each V ion. ,
CsV,0s (Ref. 5. However, in spite of good understanding of the magnetic
The sodium vanadatex(-NaV,Os) has an orthorhombic properties, the study of the vibrational propertiesfdf,Og
is of a great importance because of the still puzzling inter-

unit celP with centrosymmetric space grolpmmnand 2 o[_)Iay between the charge and the magnetic ordering in

=2. Such a crystalline structure assumes only one crystall ' -NaV,0x. Lattice dynamics foAV,0 were studied only

graphic position of vanadium atoms in the mixed-valenceTor a'-NaV,0 in the framework of the shéi'4 and the
state(formal oxidation state is+4.5. Each vanadium atom rigid ion modet® calculations. A Raman scattering study of
is surrounded. by five oxygen atoms, formm.g y@yramids. Ca(Mg)V,0s is presented in Ref. 16. There, we focused
These pyramids are mutually connected via common edg&sainly on the magnetic excitations. The vibrational proper-
to form layers in the 4b) plane. The N&Ca,Mg atoms are  tjes of LiV,05 single crystals were already reported in
situated between these layers as intercalants. A schemafigs. 17, and we do not include them in this paper. To the best
representation of one layer 8,05 (A=Na,Ca,Mg Crys-  of our knowledge there are no published data on the vibra-
tal structure is given in Fig.(&). Please note that in the rest tjgnal properties of CsyOs.

of the paper we label the crystallographic axes of Na, Ca, | this work we present the infrared and Raman spectra of
and Mg van_adates in a unified manner: in eac_h caseathp ( (Ca,Mg,C3V,05 polycrystalline samples as well as of
plane contains the layer @V;0s, with theb axis along the  gogium-deficient N3, 05 single crystals. The assignment of

leg and thea axis along the rung of the ladder. Th@xis is  yiprational modes inCa,Mg,C3V,0s oxides is done using
perpendicular to the layers. This notation is the same as ifhg |attice dynamics of’-NaV,Ox.

a’-NaV,0O5 (Ref. 6 and Ca\fOs (Refs. 7 and 8but differ-
ent from some original papers dealing with crystal structure
of MgV,05 (Ref. 9. In this way, and to avoid confusion, we
simplified discussion. The present work was performed on single-crystal plates
CaV\,0y is isostructural witha'-NaV,0s. The crystal of NaV,05 (0.85<x<1.00) with dimensions typically
structure of Mg\4Os is C-centered orthorhombic with nearly about 2<4x 0.5 mn? in thea, b, andc axes, respectively. In
the same andb axes as N&CaV,05 but with twice as large  the case of (Ca,Mg,Cs)Ds we used powder samples. The
the c axis. The unit cell of this crystal consists of two layers, details of the sample preparation were published
as is shown in Fig. (b). The crystal structure of monoclinic elsewheré:'® The infrared measurements were carried out
CsV,0s is also a layered on®, with cesium ions situated with a BOMEM DA-8 FIR spectrometer. A DTGS pyroelec-
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FIG. 1. Schematic representation of the,0O5 crystal structure
in the (@) (001) and (b) (010 planes.(c) Schematic representation

of CsV,0Og crystal structure.
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FIG. 2. (a) Room-temperature polarized Raman

spectra of

a’'-NaV,05. \| =488 nm. Unpolarized Raman spectra of G&Y
(b), MgV,05 (c), and Cs\,O5 (d). A =514.5 nm.

b |234 cm-1, 01-V-O2 bending a

tric detector was used to cover the wave number region from
100 to 700 cm?; a liquid-nitrogen-cooled HgCdTe detector 0

was used from 500 to 5000 crh. Spectra were collected
with 2 cm? resolution, with 1000 interferometer scans

TABLE |. Selected interatomic distancés A) and angleg(in
degreesof AV,05 (A=Na, Ca, Mg.

a’-NaV,Os CaV,0s MgV,0s
0
V-0, 1.61 1.645 1.618 o
V-0,, 1.985 1.982 1.971
V-Oy, 1.9129 1.949 1.9575 Ts
V-Oj 1.8234 1.905 1.971 o
ve-ve 3.44 3.49 3.37 b | 536 cm-1, V-Oz-stretching g
va.yb 3.03 3.03 2.98
V-05-V 140.9 132.9 117.5

)

o (o)

"l

b|179 cm-1, Nalle T

b 969 cm-1, V-O1-stretching  a

FIG. 3. lon displacement patterns of Raman-active modes of
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TABLE Il. Raman mode frequencidgin cm™1) of AV,05 (A=Na, Ca, Mg.

Symmetry a'-NaV,05 (Ref. 19 CaV,0y MgV,0g Assignment
Obs. Calc. Obs. Obs. Ref. 14
Aq 90 102 90 98 chain rotation
179 159 138.6 - Na(C#Hx
233 227 235.6 233 O-V-O bending
304 298 ? ? O-V-O bending
423 385 422 414 0O-V-0O bending
448 466 470 478 V-@V bending
534 501 539 536 V-@stretching
969 949 932 1002 V-Qstretching
Big 175 182 182 - chain rotation
294 293 292 300.5 O-V-O bending
683 685 636 625 V-@stretching
Bag - 128 - - chain rotation
- 232 - - Na|b
260 274 280 278 O-V-O bending
366 373 366 374 V-@V bending
684 680 636 633 V-@stretching
Bag 149 143 - - Nda
192 170 - - chain rotation
226 223 213 220 O-V-O bending
- 227 311 315 O-V-O bending
- 383 334 323 O-V-O bending
- 497 - - V-0, stretching
550 535 - 541 V-Q@ stretching
954 966 - - V-Q stretching

added for each spectrum. The Raman spectra were measurfedm the bond bending vibrations, while the higher-
in the backscattering configuration using micro-Raman sysfrequency modes originate from the stretching vibrations of
tem with DILOR triple monochromator including a liquid- V-O atoms. The shorter V-O distance gives the higher mode
nitrogen-cooled charge-coupled devi€@CD) detector. The frequency. Thus, the highest-frequency mode at 969%m

Ar- and Kr-ion lasers were used as excitation sources. Fig. 2(a), represents V- stretching vibrations, while the
modes at about 600 cm originate from V-Q stretching
Ill. RESULTS AND DISCUSSION vibrations, Table Il. Note that the Raman mode at 448 tm

. which originates from V-@V bending vibrations(mostly
A a’-Na, V05 vibration of O; atoms along the axis), should be sensitive

The room-temperature Raman spectra @f-NaV,0O5;  to Na deficiency since the Na vacancy produces the change
from the (001 plane, for parallel and crossed polarizations,of bending angle and/or it can modify the bond-bending
are given in Fig. 2a). The spectra for parallel polarizations force constant due to redistribution of the electron density.
consist ofA; symmetry modes. Seven modes at 90, 179, 304, Since the electrons in’-NaV,05; are located in a
420, 448, 534, and 969 cm are clearly seen for thea@) V-0O3-V molecular orbital, we paid the special attention to
polarization and one additional mode at 233 ¢nfor the  the 448 cm® mode in the sodium-deficient samples. Figure
(bb) polarization. For the crossedlp) polarization three 4 shows the Raman spectra of NaOs; samples forx be-
Raman-activeB;; symmetry modes at 175, 294, and tween 1.00 and 0.96. As can be seen from Fig. 4, a weak
683 cm ! are observed. These spectra, previously publisheddditional mode at about 485 crhseems to appear due to a
in Refs. 13, 14, 19, and 20, are fully in agreement with theNa deficiency. This effect is also observed in Refs. 15 and
same spectra published from other autHors > The as- 23. In order to extract the frequencies and intensities of the
signment of all optical modes af’-NaV,Os is given in our Raman modes we deconvoluted the Raman spectra in the
previously published pape(Refs. 13 and 1gand we do not  spectral range from 350 to 950 crhinto two Lorentzians
repeat it here in detail. Figure 3 represents the ionic displacgmode at 420 and 485 cm), two Fano-profile modéasym-
ment patterns of alA; symmetry modes, obtained by shell metric modes at 448 and 531 ch), and the Gausian-profile
model calculationd? According to Fig. 3, the phonon modes mode (650 cm?). From the fitting procedure we concluded
in the spectral range between 200 and 500 troriginate  that the intensity of the 448 cid mode decreases by in-
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FIG. 4. Room-temperatureag) polarized Raman spectra of
a'-NaV,0s in the spectral range 350—950 cfn

sion is based on the fact that corresponding mode,i@:\Ms
at 483 cm?! (Ref. 24 (in V,0g only vibrations of the
V®*-0,-V°* bonds are presentHowever, the Raman spec-
creasing the Na deficiency, without a change of its intrinsidra of NaV,Os (especially the energy region between 400
frequency; the 531 cm mode changes its asymmetry be- and 700 cm?) depend strongly on the laser line ugdt is
cause of a slight shift of the broad structure at 650 tmnd  interesting to note that 448 cmh mode renormalization is
due to appearance of the new mode at 485 tnihis new  not observed in the Raman spectra of, ) ,05 measured
mode exhibits continous intensity increase as a function oWith 647.1 nm laser line, Fig.(4). Thus, the phonon renor-
sodium deficiency. malization could be just resonant effect, associated with a
As discussed by Bacsat al®® the 448 cm*® phonon d electronic transition at about 3.2 é%2° In this case, the
renormalization in sodium-deficient samples is caused by inrenormalization is caused by increase of the number of
crease of the number of W-05-V®" bonds. This conclu- V4*-05;-V4* bonds due to optical transitions of electrons

TABLE Ill. Infrared-active mode frequencig@ cm™ 1) of AV,05 (A=Na, Ca, Mg.

Symmetry a’-NaV,05 (Ref. 149 CaV,04 MgV,0s Assignment
Obs. Calc. Obs. Obs. Ref. 14
By 164/166 160/160 198/218 213/215 chain rotation
181/212 174/175 - - Ac
- 2771277 264/272 - O-V-0O bending
(368/370 375/375 - - O-V-0O bending
460/480 478/478 - - V-@V bending
- 488/488 - - V-Q stretching
955/1014 945/945 956.5/983 1024/1038.5 Y-sdretching
B,, 178/183 167/177 122.6/123 115/116.5 0O-V-0O bendirg|b
230.5/231 232/260 - - [iYe]
370/378 374/376 368.6/371 - V-6V bending
582/762 568/764 578.6/753 577/696 \/-8tretching
Bs, 138/138.2 135/137 - - chain trangc
144.5/144.7 158/158 - - lha
254/256 252/264 244/253 284/297 0O-V-0O bending
438/439 405/405 408/417.4 416/422 0O-V-0O bending
469/473 486/486 - - V-@stretching
505/624 534/536 515/633 510/629.5 \j; 6tretching
939.8/940 953/960 892/900 958/964 \/- 6tretching
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from O, to d,, states® So the bond bending phonon energy  The unpolarized Raman spectrum of G&¥ is presented
(under resonangeshould be compared with the correspond-in Fig. 2(b). The assignment of the observed Raman modes is
ing mode in CayOs (470 cm ). A more detailed study of given in Table Il by comparison between mode intensities for
the resonance effects in Na-deficient samples is a subject gfarallel and crossed polarized configurati@neith fully po-
our forthcoming papet’ larized spectra ofa’-NaV,0s. Despite the same crystal
The sodium deficiency also influences the 650°¢m  structure of CayOs anda’-NaV,Os there is significant fre-
structure(the frequency shift of 20 cnt is recorded by a quency difference for some of analogous phonon modes, due
decrease of from 1 to 0.96. The nature of this broad struc- 1 the difference in masses of metal ions, interatomic dis-
ture, observed 'm/'lz\'f_‘\Z/ZOS only for (aa) polarization, i tances, and the electronic structure. The highest-frequency
not yet understood: phonon mode appears in Csg®% Raman spectra at
932 cm ! (37 cmi ! lower then ina’-NaV,0s). This mode
B. CaV,054 of the A;y symmetry represents the Viond stretching
vibration (Table II, Fig. 3. The larger V-Q distance in
CaV,0s, in comparison with the same interatomic distance
in a’-NaV,0s5 (see Table), causes the frequency shift of
this phonon to lower energies. The same conclusion can be

The factor-group analysis for Ca@s crystal predicts

F<Na,ca\,205= 8Ag(aa,bb,cc)+3B;4(ab)+8B,4(ac)

+5Bgq(bC) + 7By, (E| ) + 4B,y (E| b) drawn for the CayOs mode of theB;; symmetry at
636 cm 1. The mode originates from bond stretching vibra-
+7B3y(Ella). tions of V and Q, ions along theb axis. Its frequency is

48 cm! lower than the correspondind;, mode of

According to this representation one can expect 24a’'-NaV,Os since the V-Q, distance in CayOs is consid-
Raman- and 18 infrared-active modes. The room-erably larger then the same distance dn-NaV,Os (see
temperature unpolarized reflectivity spectra of Gay in  Table ). The nextA,4 mode of CayOs appears at frequency
the spectral range from 100 to 1100 chis given in Fig. 539 cni'® which is close to the frequency of analogous
5(a). In Fig. 5b) we shown thes(w) and the—Im[1/e(w)] ~ Mode ina’-NaV,0s (534 cm ). This mode represents the
spectra. These spectra are obtained using Kramers-Kronfgond stretching vibration of V and ions (see Fig. 3. No
analysis of reflectivity data from Fig.(8®. The TO and LO significant frequency difference between these modes is in
mode frequencies, given in Table Ill, were obtained as peaRkccordance with a similar value of the V;{bond length in
positions ofa(w) and —Im[1/e(w)], respectively. According CaV,0g and a'-NaV,0s; see Table I. TheA;; mode at
to Fig. 5 and Table Ill, we observed ten oscillators. The470 cni ! shows a remarkable frequency shift to higher fre-
assignment given in Table IIl is done by comparison of un-quency in comparison with the corresponding mode of
polarized CaVyOs spectrum with polarized infrared reflectiv- «’-NaV,0s (448 cmi ). This mode represents the bond
ity spectra of isostructura’-NaV,0Os. The polarized far- bending vibrations of V-@V bond (mainly O, ion vibra-
infrared reflectivity spectra ot’-NaV,Os were published tions along thes axis, Fig. 3. According to the crystallogra-
by us in Ref. 14. These spectra, Figah are completely in  phyic data this mode should appear at frequency lower than
agreement with results of other gro&pstfor E||b andE||c  the frequency of analogous mode irf-NaV,0s, because
polarizations. In the case &]|a polarization we found that the V-O;-V bond length in CaYOs (see Table)lis larger
better agreement between experimental and calculated refletfran that of thex'-NaV,Os. In fact, this is expected, if we
tivity occurs when two oscillators with TO frequencies at have in mind that the renormalized frequency of \4-®@
about 438 cm? and 469 cm? are added. In fact, these two bond bending mode im'-NaV,0s (485 cm 1) when two
oscillators are not clearly pronounced even at low temperelectrons are induced in the V4€/ orbital (Sec. Il A).
atures?®3! Because of that, their existence is questionable.  The assignment of the bond bending modes of £&Mn

The reflectivity measurements carried out on polycrystalthe 180—350 cm?® spectral region, given in Table II, should
line samples give good results for TO and LO mode frequenbe considered as tentative one. Only single-crystal measure-
cies in the case of isolated oscillators only. Two highestiments can resolve different symmetry modes of crossed po-
frequency oscillators of Ca}Ds; were assigned as V-O larizations in this spectral region. The lowest-frequency
stretching modes polarized along the(892 cm'!) andc  mode, which represents the chain rotation, appears at
axes (956 cm! moda. In a’-NaV,Os reflectivity spectrain 90 cm'! in both Na and Ca vanadates. The mode at
the spectral range between 500 and 800 tnthere are two 136 cmi'! we tentatively assign as Ca atom vibration since
oscillators of different symmetry. Note that these oscillatorsits frequency is close to calculated value if we consider
appear as three-peak structure in the same spectral regionrimass effect only. Namely, the replacement of lighter Na at-
the reflectivity spectra of polycrystalline CaWs. The three  oms with heavier Ca produces the shift of the corresponding
peak structure is also found in the casexdfNaV,0O; when  mode towards lower frequencies according to
polarization was changed betweamndb axes(see Fig. 11  (wn,=179 cm 1) X (mya/Mc)¥?=135.7 cm't, which is
in Ref. 31). The assignment of the infrared-active modes forvery close to the observed value.

frequencies lower than 500 crh is very difficult without Figures §a) and b) show Raman spectra af -NaV,0s
single crystal samples. Consequently, the assignment giveand Ca\(O; measured at room temperature in the spectral
for these oscillators in Table Il is tentative. range from 400 to 2300 cnt. All modes with energies
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FIG. 6. Room-temperature Raman scattering spectra of FIG. 7. (a) Room-temperature far-infrared reflectivity spectra of

a’-NaV,0s (a), CaV,Os5 (b) and Mg\W,LOs (c) in the spectral range  MgV,0s. (b) o(w) and —Im[1/e(w)] vs frequency dependences
400-2300 cm?. A =514.5 nm. obtained by Kramers-Kronig analysis of MgWs reflectivity data.

, _ The room-temperature unpolarized far-infrared reflectiv
higher than 1000 cm have two-phonon character. In the ity spectrum of Mg\MOs in the spectral range from 100 to
case of CayOs we observed not only overtones&22D, 1100 cm ! is given in Fig. 7). Figure Tb) shows ther(w)
3B, 4B) but also combinational lines. At this stage is not4nq the —Im[1/e(w)] spectra, obtained using Kramers-
clear why the comblngtlonal Ilnes_ have stronger |nten5|tyKr0nig analysis of reflectivity data from Fig.(@. As it is
than overtones. We believe that this effect results from resoyystrated in Table 11, it was not difficult to assign the os-
nant conditions. However, there is no experimental datajators with TO/LO frequencies above 500 chnby com-
about the electronic structutenergy gapin this material, so parison with corresponding spectra ef -NaV,Os and

it is not possible to discuss this effect in more detail. CaV,0.. Below 500 cm® the assignment was practically
impossible due to many oscillators of different symmetry.
C. MgV,04 Assignment of the Raman spectra of M@¥ [see Fig. 2c)]

| is done in the same way as in the G&4 case. The results

are collected in Table Il. The Raman spectrum of M@¥ in

the wide spectral range up to 2300 c¢his given in Fig.

6(c). As in the case of Ca¥0; we observed first- and
second-order Raman modes as well as combinational modes
of overtones.

MgV,0s has a C-centered orthorhombic unit &el
with parametersa=0.3696 nm, b=0.9965 nm, andc
=1.1019 nm and space gro@mcm(D3/). In our setting,
shown in Fig. 1b) (cab setting, the space group iBmma
The MgV,Os5 unit cell consists of four formula unitsZ(
=4) comprising 32 atoms in all. The site symmetries of V,
Mg, O;, O,, and Q atoms in D3) space group are (8, D. CsV,0
(4c), (8f), (8f), and (&) respectively. Factor-group analy- °

sis (FGA) yields The unit cell of Cs\Os consists of four formula units

(Z=4) with 32 atoms in all. Since there is a large number of
atoms in the unit cell, we can expect a large number of
optically active modes. All atoms have &)( position sym-
— metry of P2, /c (C3;) space group? Factor-group analysis
(V,01,0,)(Cs"):I'=2Ag + Ayt Big+ 2By, +2B2g+ By, yields the following distribution of vibrational modes:

(Mg,O3)(C§U)F=Ag+ ng+ Blu+ BZg+ BZU+ B3U!

+Bag+2Bgy. I cov,0,= 24A4(aa,bb,cc,ab) +24By(ac,bc)

Summarizing these representations and subtracting the + 24A(E||c)+ 24B,(E||a,E||b).
acoustic 84,+B,,+Bg,) and silent A,) modes, we ob-
tained the following irreducible representations of M@®¢
vibrational modes oAmmaspace group:

According to this representation one can expect 48 infrared-
and 48 Raman-active modes. Experimentally, the number of
observed modes is less than 25 for each spectroscopic
opt. _ method; see Table IV.
FMszos 8Ay(aa,bb,cc)+3B,4(ab) +8Byg(ac) Far-infrared spectra of C$®@s together with results of
Kramers-Kronig analysis are given in FigsiaBand &b),
+5Bag(DC) + 7By, (Ef|c) + 4B (El|b) respectively. If we compare this reflectivity spectra with the
+7Bgy(E||a). infrared reflectivity spectra of other vanadates, we can con-
clude that the two highest-frequency modes, as well as the
Thus, 18 infrared- and 24 Raman-active modes are expectatodes between 500 and 700 cthirepresent the vibration of
in the MgV,Os5 spectra. VOg pyramid. The modes between 750 and 950 &nare
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TABLE IV. Mode frequenciegin cm ) of CsV,0s. 0.25
0.20 4
Raman Infrared300 K) Zo154
300 K 10 K TO LO ém_-
108 109 136 136 € 0.5
- 151 174 175 0.00-
- 166 198 199 %97
186 186.5 231 232 % oo L Loom
- 199.5 248 248.5 = E
- 225.5 279 282 £ o3 J100 ©
- 235 304 305
- 251 320 321 0.0100 I 2(I)0 l 3(I)0 I 4(I)0 ' 5l|)0 I StI)O l 7(I)0 I 8(I)0 ' 960 I10IOO l 110%
298 299 352 354 Wavenumber (cm™)
- 337 369 371
350 350 390 391 FIG. 8. (a) Far-infrared reflectivity spectra of Cs®s. (b) o(w)
400 308 415 418 and—Im[ 1/e(w)] vs frequency dependences obtained by Kramers-
411 413 445 446.5 Kronig analysis of reflectivity data.
- 434 450 452.5
456 462 457 4594 500 cm ! are the bond bending modes of the same structural
501 509 556 587 units. The highest-frequency mode at 985 ¢nrepresents
712 715 653 660.5 V-02Picdl yibration of VO, pyramid, because this is the
756 762 681 725 shortest bond in Cs)0s.*° The modes at 784, 849, and
784 790 839 858 932 cm ! originate from V-O stretching vibration of the cor-
849 846 895 920 responding bonds of Vtetrahedra. The frequencies of ob-
932 932 930.5 931 served infrared and Raman modes of @Y are collected
985 986 947 951 in Table IV.
962 965 In conclusion, we have studied the phonon dynamics of
981.6 992 spin ladder vanadate oxidésV,05 (A=Na, Ca, Mg, Cs

using infrared and Raman spectroscopy techniques. The as-
) o signment of the phonon modes in (Ca,Mg,Cs¥ is done
bond stretching vibrations of V{tetrahedra. In the spectral on the basis of the shell model lattice dynamical calculations
range below 500 cm' there are many modes that originate for ’-NaV,0s. The Raman spectra of the Na-deficient
from V-O bond bending vibration. As in the case of Ramansamples have a renormalization of the 448 ¢mhonon fre-
spectra the more precise assignment of infrared active mOdQﬁJency in a way similar to that in a nominally pure
is not possible without single crystal measurements. a’-NaV,0Og sample under resonant conditions. We observed
Figure 2d) shows unpolarized room-temperature Ramanpe overtones and combinational lines up to fourth order in

spectra of CsYOs in the 100—~1000 cm' spectral region,  the Raman spectra of Ca@s and Mg\,Os. No spin-related
excited with 514.5 nm energy. We observed 14 modes ghodes are found in C9\Ds.

room temperature and 8 additional modesTat10 K. No

spin-related modes are observed in @8Y. The unobserved ACKNOWLEDGMENTS
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