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Elastic properties of the perovskite manganitq L&r,MnO; (x=0.12, 0.165, 0.3) with both orbital and
charge degrees of freedom have been investigated by means of ultrasonic measurements. Above the structural
phase transition points=290 K forx=0.12 andT¢=310 K for x=0.165, the transvers&f,— C,,)/2 mode
with the elastic strain ok, symmetry exhibits a pronounced softening, while @y mode with strain off 54
symmetry shows a monotonous increase in lowering temperature. The softeni@g, ©f&,,)/2 is described
in terms of the quadrupolar susceptibility for the coupling between the quadrupolar mdh@en(Zlﬁ—li
—12)/\/3 and 05=15—17, of the dy doublet of the MA" ion and the appropriate elastic strain wi
symmetry. Elastic softenings o€(,— C,,)/2 andC,, modes abové& .,= 145 K of x=0.12 are responsible for
the symmetry breaking character of the charge ordering, while a round minimum of the bulk m@gulus
aroundT.,=100 K of x=0.165 indicates a glass state in charge ordering. The disappearance of the ultrasonic
echo signal belowl ,=145 K for x=0.12 is ascribed to a considerable sound wave scattering by elastic
domains in the triclinic structure.

. INTRODUCTION ~2 eV. All spins of 3 orbits in Mr* ions align parallel by
large Hund rules coupling. This means that one of the degen-

The hole-doped manganese oxides with perovskite struGratedy statesd(3z°—r?) andd(x?>—y?), in Mn®" ions is
ture, R;_,A;MnO;3 (R being trivalent rare-earth ions ad  occupied by an electron with sp= 1/2, which is parallel
divalent alkaline-earth metal iopshave been already inves- to the spin withS=3/2 of thede state.
tigated in the 19505 The ferromagnetism of the hole-doped  The degeneracy of they state in M ™ ions gives rise to
materials is explained in terms of the double-exchangerbital ordering, namely, quadrupolar ordering, in addition to
mechanism mediated hyy carriers of manganese iofis.  magnetic ordering due to the spin degenerfcy? Actually
The recent discovery of the colossal magnetoresistance ifhe end material LaMn@characterized by a Mott insulator
some member of materials has revived interest in stronglgxhibits an orbital ordering of théy state!®'* The antifer-
correlated electron systems with spin, orbit, and charge dgpmagnetism of type A with wave vectar=[0,0,1/2 below
grees of freedom? In particular the degeneratéy orbit of T =141 K in LaMnO, appears in the orbital-ordered state
the Mr?™ ion plays an important role for the insulator-metal of type C with alternative orientations af(3x?—r?) and
transition as well as the colossal magnetoresistance. The Of(3y2—r?) in the a-c plane and parallel orientation along
bital ordering ofdy orbits in Mr?* ions, which is occasion- the b axis. In the hole-doped compound;L3SrMnOs, the
ally accompanied by a structural change, is also importanferromagnetic double-exchange interaction due to itinerant
for the magnetic and electric properties of the systéfur-  dy orbit surpasses the antiferromagnetic superexchange in-
thermore, the charge degree of freedom associated witteraction of the localizedy orbit via oxygen. The contribu-
Mn** ions in hole-doped systems leads to a charge ordgringion of the orbital degree of freedom to the colossal magne-
due to the Coulomb interaction. The charge ordering affectsoresistance in La ,Sr,MnO; systems is the main issue to
their magnetic and transport properties. be clarified.

It is well known that the &8 state with orbital degree of The 3d electron of transition-metal ions has an electric
freedom (=2) splits into the doublet ofly states withE, quadrupolar moment due to the orbital state as well as a
symmetry and triplet ofle states withT,g in the cubic crys-  magnetic dipole moment associated with the spin degree of
talline electric field potential. The M ion located inside freedom. Therefore thedBstate of transition-metal ions is
the oxide octahedron of the present perovskite compound hgeerturbed by a modulation of the crystalline electric field
the groundde state and the excitedly state at 10q potential due to the lattice vibration. The coupling of the
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qguadrupolar moment of thed3electron to the lattice degree (3.)
of freedom gives rise to anomalies of the ultrasonic wave.
This is called the Jahn-Teller effect. The elastic anomalies
due to the quadrupolar ordering refer to NiOy (Refs. 15 z b)
and 16 and CsCudl (Ref. 17. A model calculation taking
into account the electron-lattice interaction was proposed to
explain the colossal magnetoresistance of the manganes 0
compounds? Previous ultrasonic studies focusing on the !
electron-lattice interaction of manganese compounds have |
been doné®?°In order to examine the electron-lattice inter- !
action quantitatively, we have made a systematic investiga- !
tion of the elastic constants of La,Sr,MnO; (X |
=0.12,0.165,0.3) by means of ultrasonic measurements. ?:"

The charge degree of freedom associated with the dopec I r
Mn“*" ions in a sea of M#i" couples with the elastic strain : |
due to the sound wave. The coupling of the charge fluctua- [ ! !
tion mode to the elastic strain gives rise to the softening of L) —=
the elastic constant around the charge ordering point. The // ~~_ I/ -
softening of theC,, mode in the magnetite §®, (Ref. 21
associated with the charge fluctuation betweeR*Fand y
Fe*" ions and the rare-earth pnictide Y&s; (Ref. 22 with
the fluctuation mode between ¥band YB* ions was well
investigated by the ultrasonic method. The clarification of a
the elastic anomalies due to the charge ordering=0.12
and 0.165 compounds is also the issue of the present pape (b)

In the next section we describe the experimental proce-
dure of the present study. The quadrupole-strain interactior A
for the dy orbit of Mn®* ions is briefly mentioned in Sec. Z
lll. The temperature dependences of the elastic constants a
x=0.12 and 0.165 with cubic geometry are shown in Secs.
IV A and IV B, respectively. The temperature and field de-
pendences of the elastic constantsXer0.165 and 0.3 with
rhombohedral geometry are shown in Sec. IV C. The conclu-
sion is mentioned in Sec. V. ® Y

Il. EXPERIMENT

Crystals of La_,Sr,MnO5 used in the present ultrasonic
measurements were grown by a floating zéR&) furnace X
equipped with a halogen lamp and ellipsoidal mirror. The
starting materials L#D3, SrCQ;, and MO, were weighted
to be of stoichiometric amount. The orientation of the grown
crystals was determined by an x-ray camera and prepared b
a cutter with a diamond tooth. The mosaicness in the
pseudocubic phase*Oof the presenx=0.12 sample was

o . . FIG. 1. (a) a,b,c axes of orthorhombic ©and O phase inx
less than 0.3°. The surfaces of oriented crystal were poh:sheg(l12 and 0.165. Heray,z axes mean the crystal axes of the

carefully to be plane parallel. The ultrasonic transducers Of)rototype cubic phaséb) X.Y,Z axes of the thombohedral phase
LiNbOj3 plates bonded on the parallel surfaces were used faf, y— 165 and 0.3.

the generator and detector of the ultrasonic pulse wave. The
sound velocityv as a function of temperature and magnetic
field was measured by a homemade apparatus based on the . )
phase comparison method. The elastic constant is obtained §&€ cubic structure. It should be noted that the principal
C=pv2: herep is the mass density of the material. axis of the rhombohedral cryst& (;0|nC|des with the body

A magnetic field up to 80 kOe was generated by a Superdlagonal[lll] direction of the cubic one. Th¥ andY axes
conducting magnet. The axes of orthorhombic phas@f the rhombohedral cryst&tin Fig. 1(b) are parallel to the
(pseudocubic phase*Cand Jahn-Teller distorted phasé)O [112] and[110] directions of the cubic one, respectively.
and rhombohedral phaseare shown in Figs.(® and 1b), = We argue the symmetry of the quadrupolar operators, the
respectively. Thé axis of the orthorhombic phase coincides elastic strains, and the elastic constants in the orthorhombic
with the prototype cubig axis, but thea andc axes orientate and rhombohedral crystals by use of the crystal axes in Figs.
to the direction with angle of 45° te andy axes of proto- 1(a) and Xb).
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TABLE I. The quadrupolar operators, elastic strains, and elastic constants classified by irreducible rep-
resentations in cubic symmetry. The elastic strain is defined, gs %(&uB/aa+8ua/0,B); herea, 3 mean
the coordinateg,y,z defined for the axes of the cubic phase in Fi@)1Andl,, |, andl, mean the angular

momentum.
Symmetry Quadrupolar moment Elastic strain Elastic constant
Asg Op=I3+17+12 £8= Exxt Eyyt sy (C11+2C1)/3
Eq 09=(212-12-13)/\3 eu=(2e,— exx—£yy)\3 (C11—C1)/2
O§=I§—I§ £, Exx— Eyy
Tog Oy =yl +1, €yz Cus
O =+ 1, Ezx
Ory=Ixly+ 1y, Exy
Ill. QUADRUPOLE-STRAIN INTERACTION T
0 2 XF( )
Cr(M=Cr—Ngp————. ()
The 3d orbits of manganese ions in the present perovskite 1-grxr(T)

compounds split into the ground-state triplet and excited
dy doublet at 1@g~2 eV. In Mr** ions with 3d* configu-
ration, one of the degeneratky states is occupied by an

Here N is the number of M&" ions in unit volume and
xr(T) is the quadrupolar susceptibility for a N ion.
When the ground state has a quadrupolar moment in the

electron withS=1/2 parallel to the spil$=3/2 ofde states. i1 onal element aéo:|Ov.|o:). the quadrupolar suscebti-
The dy electron in the 8° state of Mi™ ions has a tiny b:lit%/ s domina§d| Ft)7;|/¢l>t’he gltrieupterm ;F(T)pl

population at room temperature. Therefore the quadrupola;|<¢.|or l@)|YT at low temperatures. Then the elastic
moment of thedy state is responsible for Mf ions, but is constant of IIEq(3) is written as

practically absent for Mi™ ions. In order to describe the
guadrupole-strain interaction, we employ quadrupolar opera- T—Tg

tors asOf= (212 15-17)//3, O5=15—12 with E; symme- CF(T):c‘F’( e ) (4)

try and Oy, =l +1l,, O =1+, Ox=lLdy+1,

with T,, symmetry. Herd,, |,, andl, mean the compo- Here the characteristic temperaturesTdfand ® are deter-
nents of the angular momentum. The elastic strain of thenined by the ultrasonic measurements of the elastic soften-
cubic crystal class is described in terms of the volume straiflg |t should be noted tha@=g’rl<qoi|0rylcpi)|2 indicates
eg=exteyytez, With Ayg symmetry, £,=(2¢2,~8xx  the intersite quadrupolar coupling. The Jahn-Teller coupling
—ey))/\3, £, = exx—£yy With Eg, ande,,, &y, exy WIth  energy for the bulk strairE ;1=Ngf|(@i|Or,| ¢)|2/CD is

Tag. The transversey,— C12)/2 mode propagating along qpiained by the difference of two characteristic temperatures
[110] with polarization parallel t¢ 110] induces the elastic asT2—® =E;.8

straing, = £~ &yy Of one part of thee, representation. The  The dy state of M3 ions has the quadrupolar moment
transverseC,4 mode, which propagates along the00] di-  of 09 and 02 with Eq symmetry,|<goeg|0r7| ‘Peg>|:2\/§-
rection with the polarization parallel t@010], induces the The |%g> means the wave function of thiey electron, ¢,

strain e, of the T,y representation. The symmetry of the o, s , .
quadrupolar operators, the elastic strains, and the corré= d(32°—r°) ande,=d(x"~y?), with E; symmetry in the

sponding elastic constants in cubic crystal are presented {fHPIC structure. But the quadrupolar momey, with Tag
Table I. symmetry is absent for thdy state,|(goeg|OXy| goeg>|=0.

The modulation of the crystal field potential for #fh  This simple argument of the quadrupolar moment promises
ions by the external straiar., of the sound wave is written that the C1;— C1,)/2 mode responsible deg or O§ shows

ad1016 a softening due to the Curie ternpp(T)=(23)¥kgT, in
the quadrupolar susceptibility of E¢R). In the case of the
_ ; C44 mode for the response @,,, however, the absence of
Hos=— Or. (i . 1 44 Xy ’
Qs 2." FEy 9rOry(ery @ the Curie term leads to a normal increaseCqf, in lowering

temperature. The formula explained above is used even in

the case of lower symmetry for the rhombohedral structure
f the present compound La,Sr,MnO;. In Table Il we list

he quadrupolar operators, the elastic strains, and the elastic

constants defined in the rhombohedral structure.

Heregr is a coupling constant ar@dr(i) is the quadrupolar
operator of the manganese ion at ftie site. The intersite
interaction of the quadrupolar moment is taken into accoun
as

Hoo= —Z ;y 9r(Or)Or,(). 2 IV. RESULTS AND DISCUSSIONS
Here(Or,) represents a mean-field value of the quadrupoler A. Elastic constant ofx=0.12: Cubic geometry
momentum andy is a coupling constant of the intersite  We show the temperature dependence of the elastic con-
quadrupolar interaction. The elastic const&@t(T) as a stants for thex=0.12 (=1/8) compound in Fig. 2. In the
function of temperature is written as measurements of the sound velocity we used ultrasonic
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TABLE Il. The quadrupolar operators, elastic strains, and elastic constants classified by irreducible
representations in rhombohedral symmetry. The coordinatez are defined for the rhombohedral axes
X,Y,Z of Fig. 1(b).

Symmetry Quadrupolar moment Elastic strain Elastic constant
Asg Op=12+12+12 £8=Exxt Eyy T €2z (2CRhomy pcRhom_ cRhom /3
05=(213-13-19)/\3  ey=(2e,,s—8,)/\3  (2C5°™C°™CT*M/2
Eq Oy, =yl +1,1, £y chyem
Oz= Ay 1, €2x
nglifli Ey T ExxT Eyy ngom:(c?romic?gon)/z
Oyy=lly+1yly Exy

waves with frequencies 10-30 MHz. The directions ofQ} or O3 for thedy state of MA™ ion. In Fig. 3, we present
propagation and polarization of the ultrasonic waves are Oriagain the softening of@;,— C;,)/2 in expanded scales. The
ented to the axes of the prototype cubic structure. The notaso|id line of Fig. 3 indicates the calculated result by E).

tion of C;; in Fig. 2 follows the definition of the cubic crystal jth the quadrupole-strain coupling constagis| =1167 K

in Table I. The r_nosa_\icness less than 0.3° in thg -pseudocubignd the ferrotype quadrupolar intersite coupligjg,=16 K
phase O has little influence on the mode mixing of the - The dashed line in Fig. 3 means a background part. This
acoustic waves. The bulk moduluSg=(C1;+2C15)/3 IS fitting leads the characteristic temperatufigs= 240 K and
obtained by the result of®ty,—Cy)/2 andCyy in Fig. 2. It g _ 188 k in Eq. (4). It is noticeable that the Jahn-Teller

should be noted that theCg;—C,,)/2 mode exhibits a soft- ., viing ener =52 K is comparable to the intersite
ening of 30% in the © phase abov&,=290 K, while the guagrugolar ingt>ellr5:;gtio®= 188 K. P

Caa Todg shows a monotonouT in%rease. The bulk modulus ¢ is ‘naturally expected that a sizable softening 6f{
CBTahSO |nf(t:reases ][noncltcg:noulzy z ms_?_ i Fia. 2 is at —C4)/2 gives rise to the quadrupolar ordering of tb% or
_The softening of €,—C,,)/2 aboveTs in Fig. 2 is at- O3-type moment belowl. The ordering of0J at theT
tributed to the Curie term in the quadrupolar susceptibility of _ < o .
point of the Brillouin zone results in spontaneous tetragonal
. distortion as

T T
175r La,  Sr,MnO, Ts e ]
- x=0.12 ~ Nors 0
<8u> — 0 0 <02> 5)
16.5- Teo| (C11—C1)/2
| &
. The parametersN=1.5x10?2cm 3, |gr3|=1167 K, and
i (C%,—CY,)/2=6.5x 10" erg/cn? obtained by ultrasonic
12.01 measurements lead to tetragonal distortitn,)~ *1.29
L Cy= X 1072, The sign of the distortion remains to be determined.
(C,,+2C,,)/3 Kawanoet al. have already measured the lattice parameter of
11.0F x=0.125 around the structural transiti&hThe pseudocubic
(")E L
8 | T T T T T
> 6.0 6.5 P
=0 (Cy - Cyp)r2
2 o B.0f y
< 5.0 E
S 55+ .
® La, Sr,MnO,
5.0 2 50t x=0.12 -
N
a5k .
4.0 c.i
S 40t T.0=240K lgryl = 1167 K+
©=188K g =16K
3.5¢ Er=52K i
1 L 1 L |
320 360 400
FIG. 2. Temperature dependence of the elastic constants in T(K)

Lag geSlh1MNnO3. The elastic softening of the transvers€,{

—C;,)/2 mode has been found above the structural phase transition FIG. 3. The elastic softening of the transversg,{(—C;,)/2
point T,=290 K. The elastic constantC(;—C;,)/2 andC,, ex- mode aboveT,=290 K in La,ggSIy 1 MnO;. The solid line is a
hibit remarkable softening above the charge ordering pdit  calculated curve by Eq4) with T9=240 K and® =188 K. Here
=145 K due to the charge fluctuation of ¥nions in a sea of we obtain the parametefgrs| = 1167 K, gj3=16 K>0, andE,;
Mn®* ions. =52 K. The dashed line is a background part 6£(— C3,)/2.
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When the potential energy due to the Coulomb interaction
among Mit" ions in a sea of M#i" ions is superior to the
kinetic energy, the charge ordering is expected in lowering
temperature. The coexistence ratio M{Mn**):N(Mn3*)
=1:7 in the presenk=0.12 (=1/8) compound favors the
charge ordering being commensurable with the lattice peri-
odicity. A polaron ordering model has been proposed to ex-
plain lattice distortion associated with the charge ordering of
Mn** ions in low doped=0.10 andx=0.15 compound¥’
However, the relationship of the charge ordering to the soft-
enings in C1;—C15)/2 andC,, is not clear at the present

(C1- Cyp)/2 (10" erg/om’)

3.0 Il 1 1 1 1 1
140 160 180 200 220 240

TK) stage. The peak intensity of the resonant x-ray scattering of
. . . . . . x=0.12 increases considerably below 14%%They inter-

6.4r (b) ] pret the result as orbital ordering below 145 K. The interplay
wg 6.2 7 of the orbital ordering to the elastic softenings in the present
g 6.0f T s ultrasonic measurement aboVg, remains to be solved.
® 5gl e The sound echo completely disappears beloybecause
© 56k g of the sound wave scattering by the elastic domain walls in
=< 7 0 the charge ordered phase with a low-symmetry crystal class,
O 54} ;°_=1 ;g‘;'f( § probably a triclinic oné# This unusual disappearance of the

5.2 o ultrasonic echo signal in the *Ophase belowT,, differs

5.0 from the behavior of the © phase abovd. The reentrant

1 1 1 1 1
140 160 1801. K200 220 240 model is unrealistic for the © phase belowT,, in the
(k) presentx=0.12 compound. The ferromagnetic transition

FIG. 4. (3 The elastic softening of the transvers€,( Point Tc=170 K was observed by magnetic and transport
—C4,)/2 mode aboveT ,=145 K in La, gSl, 1 MnO,. The solid ~ measurements. In the present result, however, the indication
line is a calculated curve by Eq4) with T°=150 K and®  of the ferromagnetic transition is obscure.
=142 K. The dashed line is a background part@f{— C3,)/2. (b)
The elastic softening of the transveriSg, mode. The solid line is a B. Elastic constant ofx=0.165: Cubic geometry
calculated curve witf?=134 K and® =132.5 K. The dashed line

is a background part a%,. In Fig. 5 we show the temperature dependence of the

elastic constants of=0.165, which is characterized by the
phase @ with a=5.537 A, b/\/§=5.530 A, and ¢ colossal magnetoresistance. The ultrasonic measurement has
=5.545 A is characterized as a deformed lattice wit)) ~ been done in accordance with the crystallographic axes of
=-2.29x103 and(e,)=—1.44X 102 from a hypotheti- the prototype cubic structure. It is noticeable that the trans-
cal cubic lattice with a=5.537 A. The parameters  verse C;;— C;5)/2 mode associated with the elastic strain
=5.561 A, b/\2=5.489 A, andc=5.556 A in the O  &,=(2¢e,,—ex—#y,)/\/3 with E; symmetry exhibits a soft-
phase belowTl are characterized by deformations (f,) ening in the rhombohedral phase above the structural transi-
=—1.45<10 ? and (e,)=9.03x10"* from hypothetical tion T,=310 K. On the other hand, the transve@g mode,
cubic lattices. The spontaneous distortiga,)=—1.22  |ongitudinalC,; mode, and bulk modulu€g increase as the
X 1072 across the transition from*Oto O’ obtained by the temperature is lowered f®;.
neutron measurement means shrinkage along tfieection This characteristic softening 0€(;— C1,)/2 in the rhom-
and elongation a_long the andy directions. This. result is  ponedral phase abovk is again attributed to the quadrupo-
erll co_nS|stent Wlthfthhe refult of I_E(ﬁ) for a negative value lar susceptibility ofog or og for the dy doublet of M
of grs=—1167 K of the ultrasonic measurement. ions. The increase @ ,, aboveT is also consistent with the

The elastic constantsC(,— C15)/2 andCy, of x=0.12 in
! : : -absence of the quadrupolar moméy, for the dy doublet
Fig. 2 also show softenings above the charge ordering pomgf Mn3*. Using the quadrupolar susceptibility in 6G), we

Teo=145 K, while the bulk modulu€g increases consider- . A .
ably aboveT,.,. Those softenings of both shear modesPbPtained the solid line in Fig. 6. The coupling constant

(C11— C1p)/2 andC,, are responsible for the coupling of the |grs|=496 K for x=0.165 is smaller than the resutyy|
elastic strain with the symmetry breaking character to the= 1167 K of x=0.12 in Fig. 3. It has been found that the
charge fluctuation modes of Mh ions in a sea of M  intersite quadrupolar interaction af=0.165 isgrz=15 K
ions. In analogy to the charge ordering of Ys,, the elastic >0 for the softening of €;,—C;,)/2 in Fig. 6. The charac-
soft mode is explained by the E¢4). Therefore we em- teristic temperature'§8=190 Kand® =175 K are obtained.
ployed Eq.(4) for the fitting of (C;;—C;,)/2 andCy4 above It is noticeable that the Jahn-Teller coupling enefy;
Teo in Figs. 4a) and 4b). The characteristic temperatures =T8—®=15 K of x=0.165 is smaller thaiE ;=52 K for
T2=134 K and®=132.5 K forC,, in Fig. 4b) are smaller x=0.12.

than T2=150 K and®=142 K for (C1;—C4)/2 in Fig. The elastic constants of=0.165 in Fig. 5 exhibit obvi-
4(a). This means that the charge fluctuation mode couplingpus anomalies at the ferromagnetic transition poinfT at
with (C;;—C15)/2 dominates for the charge orderingxn =260 K. BelowT the resistivity ofx=0.165 reduces very
=0.12 in comparing the contribution from the mode coupledmuch due to the insulator-metal transitionit has already
with Cyy. been pointed out that Ml ions in a sea of M#" ions in
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FIG. 7. Temperature dependence of the elastic constants in the
rhombohedral geometry of bgssSry 16MNO3. The elastic soften-

FIG. 5. Temperature dependence of the elastic constants in thags of the transvers€?f°™ and C§'°™ modes have been found
cubic geometry of LggssSh 16dMN0O5. The elastic softening of the above the structural phase transition poiigt= 310 K. The elastic
transverse €,;— C1,)/2 mode above the structural phase transitionanomalies have been found around the ferromagnetic transition
point T;=310 K has been found. The anomalies of the ferromag-T.=260 K and charge ordering poifft,,=100 K.

netic transitionT =260 K and charge ordering poifit,,= 100 K
are revealed.

x=0.165 show charge ordering aroufig,= 100 K. Actu-
ally the longitudinalC,; mode and the bulk moduluSg in
Fig. 5 exhibit round minima around.,= 100 K. The trans-

(C11—C1y)/2 and C,4, which has been observed in the
present system of=0.12 and the inhomogeneous valence
fluctuation compound YJAs; (Ref. 22 and FgO, (Ref. 21).

The anomaly around, of the bulk modulusCg associated
with the total symmetric volume strain may suggest a glass

verse Ci;—Cy9)/2 and C,, modes, however, show few character of the charge ordering in the presert0.165
anomalies around,. This behavior is contrast to the re- compound. The elastic anomaly of the longitudinal ultra-
markable softening in the symmetry breaking elastic modesonic wave has been found for the mixed crystal systems of

3.9 — — .
(Cno' C120)/2
3.8
SRy La, ,Sr MnO, I
x=0.165

(Cyy- Cy)/2 (10" erg/em®)

T =190 K gyl = 496 K

3.4 ©=175K g/=15K ]
Eqx=15K
3‘3 1 " 1 " Il L
320 360 400 440
T(K)

FIG. 6. The elastic softening of the transverse,(—C,)/2
mode aboveTs=310 K in L& g3s5lh.16gMN0O5. The solid line is a
calculated curve by Eq4) with T2=190 K and® =175 K. Here
we obtain the parametetgrs| =496 K, g{3=15 K>0, andE;;
=15 K. The dashed line is a background part 6f{— C3,)/2.

Yb,(As;_,Sh); (Ref. 26 and (KBr),_,(KCN), (Ref. 27.

The incommensurability of the arrangement of the doped
Mn** ions to the lattice periodicity gives rise to the charge
glass transition af .. Furthermore, the screening effect due
to the carrier of thedy electrons prevents symmetry-
breaking-type charge ordering and favors rather glass behav-
ior.

C. Elastic constant ofx=0.165 and 0.3:
Rhombohedral geometry

In Secs. IVA and IV B we present the elastic constants of
x=0.12 and 0.165 using the notation of a cubic crystal.
However, the rhombohedral structure abolg=310 K of
x=0.165 with anglea~61° is considerably distorted from
the prototype cubic crystal. Therefore it is also important to
examine the elastic constants in the geometry of rhombohe-
dral crystal class. In Fig. 7 we show the temperature depen-
dence of the elastic constants»# 0.165 in the rhombohe-
dral geometry. The€f°™and CR'°™were measured by the
longitudinal sound waves propagating alox@ndZ axes of
the rhombohedral crystal as shown in Fig. 1. B6t'°™and

CRI°M show anomalies around the successive phase transi-
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3.4F T T T T = T T T
Rhom 0
& C44 o
§ ss+ La,,SrMnO, @ i
a
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g $ o] 1)
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FIG. 8. (a) The elastic softening of the transvei@8"°™ mode
in the rhombohedral geometry aboveT,=310K in
Lag g3:515 169MN0O3. The solid line is a calculated curve by Ed)
with T9=190 K and® =180 K. Here we obtain parametegty)|
=468 K, gf3;M=23 K>0, andE;7=10 K. The dashed line is a

background part o€R°™ . (b) The elastic softening of the trans-

verse CR'®™ mode. The solid line is a calculated curve wit

=190 K and ®=184 K. Here we obtain parameterg )|

FIG. 9. Temperature dependence of the elastic con€§ft™
in the rhombohedral geometry of the manganese compound
Lag g3551h.16§MNO3 under the magnetic field along axis of the
principal direction.

(CRhom_cRhom /5> mode in rhombohedral structure, is ex-
pected to decrease due to the Curie term in the quadrupolar
~513 K, gl.;@=46 K>0, andE,;=6 K. The dashed line is a suscepubmty. ;I’poi result of Elg.(B) shows_that thg eIasyc
background part oERho™. softening of Cgg~" above T4 in x=0.165 is explained in
terms of the quadrupolar susceptibility witg{%)]=512 K
and gf;(®=46 K>0. The characteristic temperatures are
T9=190 K, ®=184 K, and the Jahn-Teller energs;r
=6 K. It should be noted that the strengths of the
quadrupole-strain interactiongys| =400-600 K in Figs.
8(a) and 8b) are comparable to the result in Fig. 6 based on
the cubic geometry. Furthermore, the characteristic tempera-
tures and the coupling energy are almost consistent with the
Yalues in the cubic geometry. The anomalous enhancements
of CR'°™in Fig. 8a and C{'°™in Fig. 8b) have been
x=0.165. The compatible relation of group theory Showsciommonly foun(_j _above the structyral _transmon poiry
¥ . =310 K. The origin of those behaviors is not clear and not
that the degeneracy afy doublet of M#" ions remains . A .
. explained by the quadrupole-strain interaction.
even in the rhombohedral structure. The quadrupolar mo- . .
In order to shed light on the colossal magnetoresistance,

. . Rho Rho
ment O, with a diagonal element(¢e*"10yd¢c ™) the measurement of the field dependence of the elastic con-

=242 gives fiieh to the Curie term of the quadrupolar sus-stant is of great importance. In Fig. 9 we present the longi-
om

ceptibility for C;,". The|¢§gh°"> means the wave function tudinal C}'"®™ mode applying the field parallel to its propa-

of the dy electron,cpu+:—(<pu+igov)/\/§ and ¢, = (¢, gating direction of the rhombohedra axis. The elastic

—ig,)/\2, of E, symmetry in the rhombohedral structure anomalies associated with both structural and ferromagnetic

with Dy. The softening ofCR'°™in Fig. 8@a) is well ex-  transitions reveal considerable field dependence, which coin-

cides with the colossal magnetoresistance. The round mini-
mum around charge ordering shows a relatively small field
aependence.

In Fig. 10, we show the magnetic phase diagramxof

tions, structural transitiod =310 K, ferromagnetic transi-
tion Tc=260 K, and charge orderind.,=100 K. The
transverse mode€};°™ and CE'°™ in Fig. 7 also show
anomalies around the structural transitibpand ferromag-
netic transitionT¢, but exhibit few anomalies at the charge
ordering pointT,.

It is necessary to take into account the lower-symmetr
point groupD 54 for the rhombohedral structure for the cal-
culation of the quadrupolar susceptibility of ¥ ions in

plained by the coupling constaniig{)| =468 K andg;.,*
=23 K. This result leads to the characteristic temperature
being T9=190 K, ®=180 K, and the Jahn-Teller energy

Eyr=10K, o . =0.165 determined by the present ultrasonic measurement.
Furthermore, the quadrupolar momet; connecting  «g» ahead of the hyphen means orthorhombic phase and

with Cgg ™ has|(eg " 03| g "°™)| =2 in the diagonal ele-  “r» means rhombohedral phase. “Para” behind the hyphen

ment. The transvers(égg‘ommode, which is equivalent to the shows the paramagnetic phase, “Ferro” shows the ferromag-
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FIG. 10. The magnetic phase diagram ofy k@St 16MN0O;.
The field is applied along th2 axis of the rhombohedral geometry.
“O” ahead of the hyphen means orthorhombic phase and “R”
means rhombohedral phase. “Para” behind the hyphen shows the
paramagnetic phase, “Ferro” shows the ferromagnetic phase, and
“CO” shows the charge ordering phase.
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netic phase, and “CO” shows the charge ordering phase. T(K)

The poor field dependence of the charge ordering point F|G. 11. Temperature dependence of the elastic constants in the
means that the Charge degree of freedom is unaffected by ﬂ}!ﬁombohedral geometry of the manganese compound
external magnetic field. In contrast to that the structural trant a, S, MnO;. No softening of the elastic constant has been
sition point decreases remarkably in increasing field. Furfound.

thermore, the ferromagnetic transition point increases con-

siderably in increasing field. The ferromagnetic anomaly of, . .
the elastic constar@})°™smears out near the crossing point the dy. state OLM:TT ’ Eveglh;?n the rhombphedral geometry
to the structural transition. The phase diagram of Fig. 10 i$0ftening of C4, " and Cgg " above T in x=0.165 has
consistent with the previous result obtained by resistivitybee” found. This result indicates that the quadrupolar effect
measuremente of the dy doublet is relevant.

In Fig. 11 we show the elastic constants of tke 0.3 The qugdrupolg—st.rain interactidgys| = 10°~10° K for
compound with metallic properties. Here we take the rhomihe 3d orbit of Mn " ions in bothx=0.12 and 0.165 com-
bohedral geometry again. Around the ferromagnetic transiPounds is considerably larger thegy|=10-1G K in the 4f
tion point Tc=360 K a small anomaly has been found in the orbit in rare-earth compound&-*° The relatively extended
elastic constant ot?gom_ Even in the transverse mode radius of the 8 orbit in the transition-metal ion is perturbed
CRI°™and CRI™ with E, Symmetry, no anomalous soften- by a considerable amount by the quadrupolar field due to the

been found. This is contrast to the softening of ti@,( (C11—C1)/2, we obtained the Jahn-Teller coupling energy

—C4,)/2 mode in the compounds af=0.12 and 0.165. Eyr= N9%3|<<Peg|or3|¢eg>|2/{(C21_ CP)/2}=52 K for the
compound ofx=0.12 andE;+=15 K for x=0.165. The
V. CONCLUDING REMARKS present experimental restir=10—1G K provides a crite-

rion for the model calculation in the theoretical argument for
In this paper we have made a systematic investigation ofolossal magnetoresistante.

the elastic properties of the manganese compounds with the Elastic anomalies associated with charge ordering in
multiquantum degrees of freedom, spin, orbit, and charge=0.12 and 0.165 compounds have been also found. The soft-
The elastic softening of the((;;—C;,)/2 mode above the ening of (C,;;—C;5)/2 and C, of x=0.12 aboveT,,
structural phase transition poifif is commonly observed for =145 K indicates that the charge fluctuation modes \Bigh
x=0.12 compounds of insulators areF 0.165 with colossal and T, Symmetry play an important role for the charge or-
magnetoresistance. From the present experimental result, wiering. The investigation for the ordered structure of*Mn
conclude that the coupling of the quadrupolar mom@@s and Mr** ijons belowT., by electron and x-ray scattering
and O3 of the dy doublet in M* ions to the transverse measurements is requiréd.In the case ofx=0.165, a
(C11—C19)/2 mode plays an important role for the quadru- rounded anomaly of the bulk modul@g associated with the
polar ordering at the structural transition point. Furthermoreyolume straineg of A;; symmetry is observed around the
the absence of elastic softening @y, aboveT in bothx  charge ordering point.,=100 K. The symmetry breaking
=0.12 and 0.165 compounds is also consistent with the abmodes of C1;— C;,)/2 andC,, show few anomalies around
sence of thed, -, O,,-, O,y -type quadrupolar moments for T, in x=0.165. This result suggests the glass character of
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the charge-ordered statesir 0.165, which is caused by the morphous manganese compounds_REaMnO; (Ref. §

incommensurability of Mfi* ions to lattice periodicity and and Nd _,Sr,MnO; (Ref. 3) with colossal magnetoresis-

the considerable carrier density of tHe orbit in the ferro-  tance are also interesting systems where the electron-lattice

magnetic state. interaction may play important roles. Ultrasonic experiments
The present ultrasonic study reveals many interesting phesn these compounds are now in progress by our group.

nomena associated with the coupling of the lattice degree of
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