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Raman scattering investigation ofRBg (R=Ca, La, Ce, Pr, Sm, Gd, Dy, and Yb
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The excitation-energy, polarization, and temperature dependeces of Raman scattering spectra have been
measured for theRBg crystals R=Ca& ", La®", ce", PP, sn?®", GE*, Dy**, and YB'). In the
divalent crystals of CaBand YbBE;, the E; phonon shows doublet, while the line shape is a broad single peak
for the trivalent case. In the trivalent crystals, two kinds of the extra peaks have been clearly observed at
around 200 cm? and at around 1400 cnt in addition to the Raman-active phonons and crystal electric-field
(CEP excitations. The peak intensities at around 200 trehow the anomalous decrease with decreasing
temperature, and this temperature dependence correlates with that of the mean-square displacem@nt of the
ion. Furthermore, their energies decrease with the increase of the cage space ¢uerhed® peaks are
originated from the second-order excitation of acoustic phonons. The broad peak at around 1408 cm
assigned as the second-order excitation ofTthgphonon. For thel,4 phonon, the energy difference and its
line-shape change between the trivalent and divalent crystals suggests the existence of electron-phonon inter-
action. We have observed the CEF excitation infaBd have obtained the Lea, Leask, and Wolf parameters
with x=0.94 andW=09.2 K.
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[. INTRODUCTION been pointed out by Kungt al, who explained the anomaly
of specific heat around 40 K of Cgly the contribution of
Rare-earth hexaboride®Bg, crystallize in a CsCl-type the flat branches of acoustic phondfAghe electric resistiv-
structure withPm3m symmetry, where a rare-earth ion oc- ity of LaBg is well explained by the electron scattering due to
cupies a Cs site and octahedrg|fBolecule locates on the Cl  both optical and acoustic phonohsMandruset al. pointed
sitel These boron ochtahedra are linked together by veryut that the local vibrational mode of the rare-earth ion con-
strong covalent bonds, which is the origin of the hardness ofributes to not only specific heat but also resistivityheir
the crystals. The isostructural compoundRifg exhibit in-  proposed concept of “oversized cage of borons” is a key
teresting physical properties, such as superconductivity iphrase in this paper. Observed and calculated phonon disper-
YBs,? dense Kondo behavior in CgB and an intermediate- sion curves have been reported in Refs. 12, 15 and 16.
valence state in SmB' It is well known that trivalent rare- Takegahara and Kasuya employed the volume-dependent and
earth hexaborides are monovalent metals. Actually,(L&B long-range force acting on rare-earth ions, in order to repro-
one of the most typical monovalent metal©n the other duce the phonon dispersion curves for aghd YbR;.
hand, nonmagnetic divalent rare-earth hexaborides such as To investigate both CEF excitations and lattice vibrations,
YbBg are known as typical narrow gap semiconducfsFfee  Raman scattering is a useful tool. The Raman scattering
electronic conduction is well explained by the results of thespectra of CEF excitations for CgBRef. 1) and NdB
band calculatiorf.A semiconductor Smis a special com- (Ref. 17 have been reported by Zirngiebl and Pofahl. The
pound, where the Sm ion has botfi®4and 4° configura- Raman-active phonons iRBg are the vibrations of borons,
tions (4f%:4f5=3:7) 8-10 which are the breathing and deforming modes of the octahe-
The investigation of the crystal electric-fiel@EF split-  dral Bs. The phonon Raman spectra were investigated by
ting of rare-earth ions is important. The energy splitting ofseveral group&-2° They found the decrease of phonon en-
the CEF for rare-earth hexaborides has been directly obergy with increasing lattice parameter by substitutionRof
served by inelastic neutron and Raman scatterings. The olisns, and also the valence dependence of th@iBration.
served CEF energy splitting of Cghs 530 K from thel'g Except for the CEF excitations and phonons, Zirngiebl
ground state to thd', excited staté! Based on the CEF etal. observed an anomalous “one” peak at around
knowledge, the recent investigation reveals a multiple200 cm !, of which energy decreases with the decrease of
ordered phase in thid-T phase diagram. lattice parametet and they assigned this peak as the “opti-
In addition to CEF, the importance of lattice dynamics hascal” T;, mode at thd" point from the comparison with the
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observed phonon-dispersion curves for only taBor the (x+y,x+y) 488.0nm A
spectra in SmB Morke et al. assigned this peak as the ' Tog ﬂ
9 *

LaBg

defect-induced mod® However, Lemmenst al?® and Ny- | g pex10 "
huset al?” assigned the peak as two-phonon scattering of the P

LA phonon at the Brillouin-zone boundary. Thus the origin v A
of this anomalous low-energy peak is still controversial.

YbB,

N CaBg

Our recent works of Raman scatteringRBg have sug-
gested that the number of anomalous peaks at the low-energy 2 v SmB,
region is not a single peak, but three. Furthermore, a new g W% *
broad peak is observed at the higher energy region of the €
phonons® For the phonons, we have also found that the line - M . CeB,
shape of theE; phonon depends on the valence of Re I
ion.?® Therefore recent development of the research leads us 8. N « PiB

=

to re-study the lattice dynamics, the electronic state, and the
relationship between them fd®Bg. In this study, we have
A s GdB,
La®*, cet, Pet, snt®", Gd**, Dy**, and YB'), and
the polarization, temperature, and excitation-energy depen-

]

. -1
among several excitations observed in the Raman spectra, we Energy Shift (cm ™)
mainly report the results of the peaks at about 200 tm

h K d and Yb at room temperature and at the 488.0-nm excitation. The

port, we name the peaks as extra modes. spectra are depicted in the order of the decreasing lattice constants
detailed experimental procedure. We present the experimeRiscussed in this paper. The peaks by dotted arrows appear in the
tal results in Sec. IIl and discuss the origin of the observedpectra excited by-602-nm energy. Triangles are CEF excitations.

employed a different valent compound BBg (R=C& ",
N ALDVBs
dence have been measured for each sample. In this paper, 0
.7 . . . FIG. 1. Raman spectra &Bg (R=Ca, La, Ce, Pr, Sm, Gd, Dy,
which is the controversial mode described above. In this re: P 6 ( y
The paper is organized as follows. Section Il describes th'f"rom top to bottom. The dotted and solid arrows denote extra modes
mode and the electron-phonon interaction in Sec. IV.

the vibration of boron octahedra. TwQq, modes are infrared
Il. EXPERIMENTAL active, andT,4 and T,, are optically inactive. In this cubic
symmetry, all Raman-active phonons appear in the \(,x
The samples of the present study were prepared by th y) polarization geometry. In the notation a,p), a andb

fc;l(l)(\)NV\r/]mt? r:i[gﬁg_ss'tafglfg;ﬁ?rl:'2? Cs:(r)n Fgﬁz gf %3vwd2rreTh denote the polarization directions of incident and scattered
9 y P ’ qilght, respectively. In this studya andb correspond to the

powder mixtures were pressed into pellets and sintered :
1650 °C for 2.5 h in the reduction atmosphere. The sampl%ryStaI axes 0f100] and[010), respectively.

characterization was done by a powder x-ray diffraction, and
the obtained patterns have confirmed the single phase with Ill. RESULTS
the cubic hexaboride structure.

The single-crystalline samples YpB SmB;, and LaB
were grown by a floating-zone method using an image fur- Figure 1 shows the Raman spectraRBg at room tem-
nace with four xenon lamps, after a borothermal reactiorperature. Each spectrum is depicted in the order of the de-
R,05;+15B—2RBg+3BOT(R=Yb, La, and Sm) in  creasing lattice constants from top to bottom. Among them,
vacuum by a radio frequency induction furndé&he other R=Yb and Ca are divalent ions, Sm has the intermediate
single crystals oRBg (R=Pr, Ce, Gd, and Dywere grown valence, and the others are trivalent. Three observed peaks at
by a floating-zone methott. around 700, 1200, and 1300 ch are the Raman-active

Raman scattering spectra were measured by the followinghonons with the representations Dfy, E;, andAy, re-
multichannel detection systems. An Ar ion laser operated aspectively, and they completely satisfy the polarization selec-
488.0 or 514.5 nm and a dye laser operated at 570—633 ntion rule in the cubic symmetry.
were employed as an excitation light with the output power As shown in Fig. 1, the following spectral difference be-
of 10 mW. Two different Raman scattering systems wergween divalent cation crystals and the others is found. An
employed: so-called macro- and micro-Raman systems. Thextra mode below 200 cnt and a broad peak at
scattered light was analyzed by a triple monochromator-1400 cm'!, denoted by arrows and asterisks, are com-
(JASCO model U-1800 and the analyzed light was detected monly observed with a relatively strong intensity for triva-
by a liquid N, cooled charge-coupled devi¢€CD) detector lent and intermediate-valent crystals. However, for the diva-
(Princeton Instruments Inc. model LN/CCD-1100)PB lent case, it is difficult to recognize of the existence of the

The Pm3m symmetry gives us the phonon numbers atextra peaks in this vertical scale owing to their too weak
Brilloiun-zone  center; I'=A;q+Eq+ T4+ Tpe+3Ty,  intensity. In addition, the line shape of tig, phonon for
+T,,. TheT,, representation includes one acoustic phononthe trivalentR case is asymmetric but symmetric for diva-
The Raman-active phonons &g, , E;, andT,y, whichare  lent, and theEy phonons is a broad single peak for the triva-

A. Overview of the Raman spectra ofRBg
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phonons. As shown in Fig. 2, the low-energy three lines sug-

1400} Rt S o] gest that the number of the extra modes is essentially 3. As
i shown in Fig. 1, three peak spectra of the extra modes be-

1300 Dy gy e P, Coo'® come clear for the sample with the smaller lattice parameter,

sm Gamlg. Ay such as Dy and Gd cases, while the clear mode is one for La.

1200 fo--r.a_ ] In the divalent case at the 488.0-nm excitation, no extra

= T Gty mode is observed in spite of the middle lattice parameter
§ 1o 15 between the La and Ce samples. This valence dependence
800 s concludes that the low-energy extra modes and the peaks at

®

700F

Peak Energy (

200 F

100 Fo7

4.12

4.14 4.

Lattice Parameter ( A )

16

~1400 cm'* clearly appear for the metallic or semiconduc-
tive samples.

B. Excitation energy dependence

The excitation energy dependencies of the representative
spectra of Ce, Gd, Sm, and Yb are shown in Fig. 3. The
intensity of each spectrum is normalized by thaigf. The
intensity of Eq and T,, decreases with the decrease of the
excitation energy, but that of the extra modes increases. In
the CeR spectra, the new peak appears at about 100 cam

FIG. 2. Observed peak energy vs lattice parameter. The closel® 602.5-nm excitation, and the similar peak is obtained at
marks denote trivalent cations, and open ones are for divéGat ' Lds ) !
and Yb and intermediate-valeri8m) cations. The open and closed Py the dotted arrows in Fig. 1 and their energies are also
triangles denote the observed peaks at the lower energy excitatigfotted by the closed triangles in Fig. 2. Although the extra
spectra. The dotted lines are a guide for the eye.

514.5-nm excitation for LaR These new peaks are marked

modes have not been observed in ¥b& the 488.0-nm
excitation as shown in Fig. 1, the broad small peaks at

lent case but a doublet for divalent. The results clearly shovaround 160 cm* appear at 602.5 nm. This is also marked by
that the phonon line shape strongly depends on the valenghe dotted arrows in Fig. 1 and by the open triangles in Fig.
of R and also their electronic conductivity.

The lattice parameter dependence of the observed pedikes in Fig. 2. Thus these peaks can be regarded as one of

2. The energy at the lower energy excitation locates on the

energy is shown in Fig. 2, where interesting results of theextra modes. In SmB similar results are obtained. How-
extra modes and the broad peak at the highest energy regi@ver, there is no corresponding peaks for gaBen at the

are also included. The similar dependenceTgy, E,, Ag, red light excitation. Therefore the extra modes below
and one of the extra modes around 200 ¢nhave been 200 cmi ! appear for the samples with rare-earth ions.
reported?®?> Among them, the dependence of the Raman- Raman scattering occurs due to the second-order pertur-
active phonons is normal, since their energies increase withation process in electronic system, so the scattering inten-
decreasing the lattice parameter. However, all extra modesity depends on the excitation energy in consequence of the
below 200 cm® have opposite correlation against the energy denominator of the Raman matrix elements. This re-

(b) GdB, (x+y,xty) | ) (X+Y,X+Y)
Jc‘ts 'c{rs A (nm ?\‘s
()] o] [}]
o o ng E A ass0 o
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FIG. 3. Excitation energy dependence of Raman spectra at room tempefajuBzBg;, (b) GdB;, and (c) mixed-valent SmB and
divalent YbBE;.

224305-3



NORIO OGITAEet al. PHYSICAL REVIEW B 68, 224305 (2003
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FIG. 4. Polarization dependence of the low-energy extra modds) ddyBg, (b) SmB;, and (c) YbBg in the energy region below
400 cm L. The spectra of DyBand SmR are the results measured at 488.0 nm and at 602.5 nm fog.YbB

sult shows that the excitation process of the extra modes For YbBg, a similar resonance effect has been observed
quite differs from that of the first-order phonons. as the trivalent case. However, the polarization dependence
is quite different from that of trivalent case, since the mode
o appears in onlyi(i) spectra, that isA;4. In addition, the
C. Polarization dependence linewidth is much broader than that for the trivalent case.

As mentioned above, the Raman-active phononBB,
Ay, Eg, andT,4, completely satisfy the selection rules in
the cubic symmetry, that ig};; phonon is observed ini (i)
spectra{=x,y,z), Egin (i,i) and k+y,x—y) spectra, and The representative temperature dependence of Raman
Tog in (X,y). However, the extra modes have a poor polar-spectra of Dy, Sm, and Yb are depicted in Fig. 5. The re-
ization dependence as shown in Fig. 4, where the represemarkable feature is the decrease of the intensities with de-
tative polarization dependencies measured at room temperareasing temperature without the line narrowing, as shown in
ture are shown. In the figuresx{y,x+y) spectra are also Figs. 5a) and 5b). At 10 K, all modes in this energy region
depicted. As shown in Fig. 4, all extra modes are observed idisappear for trivalent and intermediate crystals. For ordi-
all polarization geometries for Dyand SmRB spectra. Thus nary excitations, such as phonons and CEF excitations, the
these modes are not originated from the first-order Ramammtensity increases and the linewidth becomes narrower with
scattering process. Furthermore these cannot be assigned adezreasing temperature owing to the suppression of thermal
defect-induced mode because of the systematic observatiofiuctuations.

D. Temperature dependence of the low-energy extra modes

(a)¢ DyBg (x+y.x-y) (b) SmByg (xty,x+y) (c) I YbB, I (x+ly,x+y)
vy X
300K . \ —_ l l
) 250K 3 * 300K 3
8 W 4 200K 8 o
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: W 5ok S 150K g 200K
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g E
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FIG. 5. Temperature dependence of Raman spectréafddyBg, (b) SmB;, and(c) YbBg in the energy region below 400 ¢rh
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FIG. 6. Temperature dependence of Raman spectra fog. PrB
The inset denotes the crystal level scheme forgRi&ermined by

Raman scattering with Lea-Leask-WlfLW ) (Ref. 33 parameters LLW parameters ok=+0.95 andW=9.5 K.
x=+0.94 andW=29.2 K. The arrows indicate the CEF excitations | N€ temperature dependence &fy) Raman spectra for

between the levels with=0.94 andW=9.2 K. The triangle indi- ~ PrBs iS shown in Fig. 6, where three peaks at around 210,
cates the extra mode. 250, and 300 cm?® are the CEF excitations. Their intensity

of CEF excitation increases with decreasing temperature.

_ The multiplet ground state of P¥ is split in a cubic crys-

tal field into two tripletsl's andI',, a nonmagnetic doublet
I';, and a singlef’;. Taking into account the observed en-
Iergies of the peaks, we have estimated the CEF levels of
Pr*3 in cubic field in the LLW scheme by the energy fitting.

of the Lea-Leask-WolIf{LLW) schemée”® and obtained the

In SmB;, a unique spectral feature is observed in the tem
perature dependence. As shown in Fi¢h)5the low-energy
continuum below 300 cm' is rapidly suppressed below 50
K. This is caused by the gap formation. For details we refe

to the report by Nyhugt al?’
P y The inset in Fig. 6 denotes the determined CEF levels with

In the case of YbB as shown in Fig. &), the peak in- = B
tensity is almost constant and does not vanish at low temtN® LLW parameters ok=+0.94 andW=9.2 K, and the

perature. Therefore the extra modes in ¥l#Be quite differ- _corresp_onding transitic_)ns are marked _b_y arrows. Since the
ent from the trivalent and intermediate-valent crystals. irreducible representations for the transitions frbgto I's,

We summarize here the results of the extra modes belody4 @ndl's includel’y(T,), the observed three peaks in the
200 cm ! for R®* By and SmB: (x,y) spectra satisfy this polarization selection rule. We note
that the obtained LLW parameters are consistent with those
« the peaks are clearly observed in trivaldRt*Bs and by neutron scatterind?

SmB; However, we should note that the relative intensity of the
 with increasing the lattice parameter, the energy systematexcitationsI's—1I"3 andI's—T', cannot be explained by the

cally increases LLW theory. This is the remaining problem and it might be
* the peak width is broad compared with phonon’s related to the Raman scattering process.

e poor polarization dependence

* the intensity decreases to almost zero with decreasing tem-
perature

« the excitation energy dependence differs from the phonons The first discussion is the origin of the extra modes below

+ does not belong to the first-order Raman scatterin@00 cm 1. RBg is regarded as one of the clathrate com-
process. pounds with the cage constructed by borons. The crystal

structure is stabilized by strong B-B interactions of intra and

inter octahedral B On the other hand, thR ion weakly

interacts with the surrounding 24 borons. Because of this
The detailed CEF study has been performed by Zirngieblveak interaction betweeR and octahedral 8 the observed

and Pofahl for CeB(Ref. 11) and NdB; (Ref. 17 by Raman  CEF excitation is explained by a point-charge model. In this

scattering. The similar results are obtained in our work forstructure, the characteristic atomic distances are ingeB 8

CeB;. Here we present the CEF excitation spectra ofgPrB intra Bg, and cation-boron distance. Each bond length is

because there is no report of the CEF excitations ofgPrBplotted as a function of lattice parameter in Fig. 7, using the

measured by Raman scattering. In neutron inelastic scatteresults in Refs. 34 and 35. With increasing lattice parameter,

ing, CEF of PrB has been studied by Loewenhaupt andthe inter- and intra-atomic distances of Blightly increase.

Prager? They determined the CEF levels in the framework Thus the lattice parameter dependence of the phonon energy

IV. DISCUSSION

E. CEF excitation
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5
Cage Space a-2rg (A) Square of Cage Space (a - ZTR)Z ( A? )

FIG. 8. The energy of the extra modes vs cage space FIG. 9. Integrated intensity of the extra modes vs square of the
a—2rg. cage spacea—2rg)°.

is well understood by this change as shown in Fig. 2. How-on for light rare-earth crystals with La, Ce, Pr, Nd, and Sm
ever, thea— 2rg decreases with increasing lattice parameterby x-ray diffraction. According to their result, the MSD Bf
wherea andry are the lattice parameter and ionic radius ofis larger for the larger cage spaceaf 2rg. Therefore this
R, respectively’® a—2rg can be regarded as the movable discussion concludes that the origin of the extra modes is
space of theR ion in the “cage space.” The relationship related to the movement & in the B; cage.
between the energy of the extra modes and the cage spaceln Ref. 37, the temperature dependence of the mean-
a—2rgis plotted in Fig. 8. The dependence suggests that théquare displacemenMSD) of the Sm ion has been also
extra modes relate to the movementRfons in harmonic  reported. The MSD of the Sm ion decreases with decreasing
potential, which becomes shallow for the crystals with thetemperature. Figure 18 shows the intensity of the extra
shorter lattice parameter. This is the origin of the anomalougnodes vs the MSD for Sm§3 The proportionality in Fig.
lattice parameter dependence of the extra modes belowO(a) shows that the origin of the extra modes is related to
200 cmi 1. the thermally activated movement of Sm. As mentioned in
In the classical discussion about the Raman scatterinthe previous section, the extra modes of SniiBtermediate
process, the scattering intensity is proportional to square ofalence has the same properties with that of the trivalent
the amplitude of atomic displacement. Therefore the ampliones. Figures 10®) and(c) present the relationship between
tude of theR vibration increases with increasing cage spacethe peak intensity of GdBand DyB; vs the MSD of Sm,
because the larger cage space makes shallower effective passuming a similar temperature dependence of the MSD for
tential at the position oR. Figure 9 shows the integrated GdB; and DyB;.
peak intensity as a function of the square 2rg. The inte- So far, we have mentioned that the extra modes are origi-
grated intensity is proportional to square of the effective cag@ated from the vibration of th& ion, judging from the re-
space. This shows that tieion has a large displacement for sults of the rare-earth and temperature dependencies. Before
the crystals with the large cage space. Chernysktoal®”  the present work, one of the extra modes was assigned as the
determined the mean-square displacem@®®D) of the R optical T,, mode at the Brilloiun-zone center. From the fac-

(a) SmB, °© (b) GdBg o, ©) DyBs
[ 01170 cm_j T il o:129 cm™ s o :113cm’
«:160 Cm:1 o107 cm”’ e (90 cm™ )
§04 * 80em 1 o | a:63cm™ ' S aiseem™ 4 0|
s | . . 5 7o E '
8 e 8 8
202 s o ] 2 e _ £ 4
2 Q2 = s 0
r X y o e A S
%8 e I
Pcatti ) ) 1 L ) L ot L L L | L L 0 - I L L L L L
O 200 400 _ 600 % 200 400 600 800 0 200 400 600 800
MSD of Sm (10° A) MSD of Sm (10° A) MSD of Sm (10° A)

FIG. 10. Peak intensities vs MS[) SmB;, (b) GdBg, and (c) DyBg. The employed MSD is the results for SgiBheasured by
Chernyshowet al. (Ref. 37.
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) ) ] From the above discussion, it is experimentally clarified
FIG. 11. Energy comparison with twice the energy of the acoustpat the extra modes below 200 cfn originate from the
tic phonon at Brillouin-zone boundary in all directions for L@gB second-order Raman process for the thermally excligd
CeB;, and YbE;. The spectra for Lafare obtained by 514.5-nm ., 0 5 the Brillouin-zone boundary. However, it remains

2;(3532?2? f:d ;%%ZB a;:n;(tzefw?é ?r?:'gr'::rn eé?'ttsg%%sl—?vi 4 Why the anomalous intensity decrease at low temperature
B & oy occurs only for the conductive crystals, since the intensity

22)0 non(Refs. 12 and 15 and for YbE; the calculated onéRef. decrease has not been observed for the divalent crystals.

Thus the conduction electron is important. This problem is

an open question at this stage, but we can make the follow-
tor group analysis, there are two opticel, modes except ing comments qualitativelyT,, is a polar vibration, which
for the acoustic mode. In our previous infrared absorptiorinduces electric dipole moment due to displacements. Prob-
measurement, another T,, mode is observed at around ably free electron at the zone boundary easily couples with
900 cni ! for CeB; and YbB;. If the extra modes have the this vibration, and this coupling would increase the elec-
symmetry ofTy,, the mode at around 900 crh should be  tronic polarizability of the vibration. In fact, the intensity of
observed in the Raman spectra. However, there are no peaks conductive samples is stronger than that of y.dBnfor-
at the corresponding energy region. tunately, we do not know the precise electron density of

Poor polarization dependence of the extra modes stronglgtates at the zone boundary at the corresponding low-energy

suggests the possibility of the second-order Raman procesggion. If this speculation is correct, this is a different type of
The selection rule of the second-order excitation Tgy; is interaction between thR ions in the hexaboride crystals as-
derived from the direct produdt,,® Ty, . This direct prod-  sisted by conduction electrons. Therefore we need the theo-
uct is decomposed .4, E4, T14, andT,4. Among these, retical support to clarify this problem.
Ay, Eg, andT,4 are Raman active. Therefore the second- As other related topics with the anomalous low-energy
order T, excitation should be detected in all polarization extra modes, we can point out the temperature dependence of
geometries and this polarization property agrees with the exthe intensity of the single excitation of the acoustic phonon
perimental results as shown Figgagand 4b). Furthermore, at the Brillouon-zone boundary. Unfortunately, this is out of
in order to check this process, we compare the energy of theange of Raman scattering. The inelastic neutron scattering is
extra modes with that of the observéd®and calculatetf'®  necessary to clarify this.
phonon-dispersion curve. The branches of LA and TA have Once we reported that the extra modes relate to a “rattling
the wide flat region in the Brillouin zone along ()  mode” of the R ion2® The rattling mode of theR ions is
(0&¢), and (€&¢). Their energy at the zone boundary is understood as the independent vibration in each cage without
90-100 cm?® for CeB;, 43-77 cm?! for YbBg, and the R-R interactions, that is, Einstein oscillation. The exis-
95-107 cm* for LaBg. The flat dispersion gives rise to the tence of the Einstein mode was reported by MandfuEhe
large density of states, and twice their energies agree with thisermally activated vibration oR in the B cage is decom-
energy of the extra modes as shown in Fig. 11, where thposed to the incoherent and coherent motion. The former
arrows denote twice the energy of LA and TA phonons at thecorresponds to the rattling mode and the latter to the acoustic
Brillouin-zone boundary for CeB LaBg, and YbB,. Except  branch. The present detailed study shows that the extra
for the lowest mode of La and Ce, this good agreement conmodes cannot be regarded as the independent mode, but the
cludes that the extra modes originate from the second-ordeoherent mode with long-range interaction betwéeions.
Raman scattering of acoustic branches at the Brillouin-zon&he importance of the nearest- and the next-nearest-neighbor
boundary. To visualize the vibration, the atomic displace-4nteractions between thR ions has been already predicted
ments for each irreducible representation are shown in Figby the calculation of phonon-dispersion curvesRi.
12. The Raman active modes,, E4, andT,,, are breath- Next we discuss thd,y mode. As shown in Fig. 2, all
ing and deformation vibrations of octahedrak.BAmong peak energies oA;4 andEg lie on the single line shown by
threeT,, modes, thél;,-1 mode corresponds to the acoustic the dotted line. However, fof,4, the energy difference is
phonon, which includes thB ion displacement. ~100 cm ! between the trivalent and divalent crystals. The
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488.0nm T (xeyxy) branches are out of the energy region shown in Fig. 13. The
i2><Tzu LaB, energy coincidence is very good for the divalent ones. Ac-
cording to the phonon-dispersion curve of Lighd YbB;,*®
T,g andT,, have the flat dispersion from thiéto X point in
the Brillouin zone, which increases the density of states of
the phonon. Then, the relative intensity and the good energy
coincidence strongly suggest that the peak at 1400%ci®
explained by the second-order process for the divalent case.
For trivalent case, twice the energy @b is slightly
lower than the peak energy, however, the peak energy sys-
tematically follows twice the energy of,4. In LaBs, the
peak energy is far from twice the energy Bf, and that of
T4 is very close to the peak energy. For SgnBe energy
coincidence is very good. As another experimental fact of the
relationship between the broad peak ang, we point out

lZXKE

Intensity

1400

1600 the laser wavelength dependence as shown in Fig. 3, where

Energy Shift (cm ) the intensity of both spectra simultaneously decreases with

FIG. 13. Raman spectra oRBg in the energy region NC'€asing Wavelgngth. Thus it can be c.opcluded that the
1300-1700 cml. peak observed in the trivalent case originates from the

second-order process @hy. We emphasize that the inten-

essential difference between them is the existence of the co#ity of the peak is the same order of that Bf, for the
duction electron. Thus for the trivalent case, the electrontrivalent crystals. There is the problem of why this second-
phonon interaction can be expected. In fact, the line shape @frder peak has the strong intensity. To clarify this phenom-
the divalent crystal is symmetric, but asymmetric for theena, the electron-phonon coupling B, is important as de-
trivalent one. In SmB with the lower concentration of con- scribed above. The depicted twice energy Tof, for the
duction electron than that of the trivalent one, the line-shapérivalent crystals is the coupled energy, not the uncoupled
asymmetry is weak. This qualitative discussion suggests tenergy, of which twice energy becomes 1600 ¢mFurther-

us the existence of the interference effect between the shataore, the relative intensity to that b, for SmB; is slightly
phonon and a broad electronic response. However, for thgeaker than that of the trivalent crystals, as shown in Fig. 1.
quantitative discussion of the interference effect, the presentyys the observed peak energy corresponds to twice the
results are not enough, such as the precise measurementjpled energy. At this stage, we cannot proceed the discus-
background intensity and detailed laser wavelength depenson fyrther, since the density of states of the conduction

dence. Here we only point out the possibility of the interfer-g o 4o g unclear, however, we believe that the present ex-

ence mo?‘;'}' If thelredls ;he eIecFr?lrt\—Ehonon coupl:jn%, ttrrﬁ)erimental results are important to clarify the electron-
energy ot the coupled phonon might be Suppressed by IShonon interaction irRBg crystals. We note that the polar-

interaction like theE,, mode in MgB.*® Here, we regard - : .
the energy of the divalent crystals as the uncoupled phono|zat|on dependence described above does not violate that for

energy, because their carrier density is very low. To discus@e second order _OTZQ' . . .
further using the present results, the lattice dynamical calcu- S the conclusion, we summarize the obtame?lmam re-
lations based on the first principle is necessary, in order t§U/tS: Two interesting modes at200 and 1400 cm™ are
determine the electron-phonon interaction coefficient directhf!€arly observed for the trivalent crystals. The extra modes at
from the energy change fdF,. around 200 cm? are assigned as the second-order excita-
We note here about the broad peak observed at arouri#pns of the acoustic branch and their anomalous properties
1400 cm * for the trivalent crystals. Its symmetryAs and ~ are related to th& ion movement in the cage constructed by
E,. This peak cannot be assigned as the phonons due to ti. On the other hand, the broad peak at around 1400'cm
first-order Raman process, since there is no phonon in this assigned as the second-order excitation offthgphonon.
corresponding energy region, according to the phononFor theT,4 phonon, the energy difference and its line-shape
dispersion calculatiot® We can point out several possible change between the trivant and divalent crystals suggest the
mechanisms like electronic excitation, satellite peak of theexistence of electron-phonon interaction. We have observed
first-order phonon, and second-order process. Among thenthe CEF excitation in PrBand obtained the LLW parameters
the second-order process is the most plausible for the followwith x=0.94 andW=9.2 K. However, the following prob-
ing reasons. The Raman spectra in the energy region betwedms remain for future work. The first is the intensity de-
~1300 and 1700 cm' is shown in Fig. 13. crease at low temperature of the extra modes. The micro-
We discuss the divalent case. For the divalent crystal, thecopic reason for why this decrease occursRéf Bg and
vertical scale of the figure is enlarged by 20 times and itsSmB; is not clear. The second is the precise determination of
relative intensity to that o ,4 is almost 1% in theX+y,x  the electron-phonon coupling RBs. The last is the relative
+y) geometry. The arrows denote twice of the energ¥gf  intensity of CEF in PrB. To clarify these problems, theoret-
and dashed line that of,,. Twice energies of the other ical support is necessary.
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