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The ferromagnetic manganite § 8Ca, 3dMNO; is systematically investigated below Curie temperaflixe
by measurements of internal frictioc *(T), Young’s modulusE(T), resistivity p(T), and magnetization
M(T). Accompanying single metal-insulator transitiorifgtand single paramagnetic-ferromagnegd/-FM)
transition, three peaks at temperatures 260, 222, and 105 K are observed in the spectra of internal friction
QY(T), respectively. The two peaks at 260 and 105 K are of the characteristic of the phase transition, which
are related to the magnetic transition from a PM disorder state to a FM order state and to the intrinsic
inhomogeneity due to the electronic phase separation, respectively. The broad peak around 222 K is actually
composed of two subpeaks located at 222 and 234 K, respectively. This broad peak is of the characteristic of
relaxation originating from the thermally activated motion of insulating and conduction domains. The activa-
tion energy and the relaxation time at infinite temperature are determined as 0.32 Y028 s for the
222-K subpeak and 0.38 eV, X80 3 s for the 234-K subpeak, respectively.
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[. INTRODUCTION kinetic energy ok is optimized. The applied magnetic field
can suppress the spin disorder arotidand shift bothT

Since the colossal magnetoresistafit®IR) effect in per-  and T to higher temperatures, which results in the CMR
ovskite manganese oxid&s _,A,MnO; (Ris a trivalent rare  effect. However, Milliset al® argued that the DE mechanism
earth such as La, Nd, Pr, eté s a divalent dopant such as alone was not sufficient to describe some features of the
Ca, Sr, Ba, Pb, ettis discovered, it has been extensively CMR effect, such as the magnitude of the resistivity at the
studied in past years because of its value in fundamentdligh temperature and CMR. In order to explain the CMR
physics and its potential applicatiohs: For CMR materials  effect quantitatively, a strong electron—Jahn-Teller—phonon
with doping level arounck=0.33, the measurement of the coupling arising from the distortion of the Mp(ctahedra
temperature dependence of resistivity of this material showdue to the Jahn-Teller effect and the orbital-ordering effects
a metal-insulator transitiofMIT) from a low-temperature due to twoey orbitals per Mn ion should be considered in the
metallic phase to a high-temperature insulating phase chaframework of the DE model. In addition, recently, a phase
acterized by the peak at,. Accompanying the MIT, a mag- separatior(PS theory has been proposed to account for the
netic transition from a high-temperature paramagn@®id)  CMR effect®~° Anyway, the exact origin of the CMR effect
phase to a low-temperature ferromagnékdl) phase char- observed in manganites has not fully been elucidated so far.
acterized by the Curie temperaturg at which spontaneous Recently, the question as to whether the metallic FM
magnetization appears. It has long been thought that the MIphase in manganites is homogeneity has attracted attention
and FM-PM transition are qualitatively correlated via thebecause it intimately links to the intrinsic properties of the
double exchang€éDE) interaction mechanism, i.e., the hop- doped manganites. Several papers have reported that the FM
ping of e, electrons from theey orbital of Mr®* to the phase in La_,CaMnO;, which is a typical DE system, has
neighboring emptye, orbital of Mr** ions through D or-  a complicated charactt** Fih etal. investigated
bital of O~ ions in betweer. The hopping of theey elec-  La;_,CaMnO; single crystals and thin film witk of about
trons is enhanced in the FM state in which the core sgifs (0.3 using scanning tunneling spectroscégyS and found a
electron spin of Mn®* and Mrf* are parallel. In turn, the phase separation where inhomogeneous structures of metal-
hoppingey electrons promote FM order because they enerlic and insulating phases coexist¥dHeffner et al. studied
getically prefer to polarize the spins in their vicinity. The Lag gCa& 3dMNO; polycrystalline sample using the muon
hoppinge, electron does not pay strong Hund coupling en-spin relaxation(uSR) technique and found that at least two
ergy (Jn) if both e4 andt,, electron spins are parallel. The spatially separated FM regions existed, which possessed
electron-spin scattering is minimized in this process and théemperature-dependent volumes and very different Mn-ion
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spin dynamicd! The Moassbauer spectroscopy in | T 260K
Lag Cap MNn(°’Co)O; compound showed two FM phases, 40p )
M1 andM21? The coexistence of two FM phases were also
observed usind®Mn NMR.2 Except for the inhomogeneity
observed in La ,CaMnO5; compound withx of about 0.3,
this phenomenon is also observed in; LgSr,MnO; poly-
crystalline and film samples witk=0.3 by means of°Mn
NMR (Ref. 13 and STS™ respectively.

The internal friction measuring technique is a nondestruc- 10F
tive but very sensitive tool in studying defects and micro-
scopic processes in solids*® including electron strongly 0 ; . . . . .
correlated materials, such as cuprate high-temperature super- 0 50 100 150 200 250 300 350
conductors and manganites®18\Very recently, the glassy T(K)
dynamics of the inhomogeneous metallic phase in

La; _,CaMnO; with 0.33<x<0.5 was investigated in the Lag 6:Cay sMnO; at zero magnetic field. The inset shows/dT

wide temperature range over 100 K up to the high temper?\/ersus temperature, afigk is defined as the temperature beldw
ture near 900 K by the measurement of the anelastig; whichdp/dT begins to rise rapidly.

spectra® In this paper, we report the study of the FM phase
below MIT in the Lg ¢Ca 3qVInO3 polycrystalline sample
in the temperature range of 80—300 K by measurements
internal friction Q~(T) and Young’s modulu€(T) at a
zero magnetic field.

dp/dT(mQ emK )
Lo =W s o

20|

p{mQcm)

FIG. 1. Temperature dependence of the resistivity for

0v%/heref is the resonant frequency, is the cross-sectional
aread the density| the length] the moment of inertia of the
sample. In additionm is 4.730 for the vibrating mode in the
fundamental mode, in which the sample is suspended at two
points whose span is 0.224rom two free ends of the

Il. EXPERIMENTAL TECHNIQUES sample. We define the resonant frequehiythe fundamen-

tal mode at room temperatur@00 K) as measuring fre-
quencyfy=2.56 kHz, thus the measuring frequency in the
first free flexural mode as 2.7§, i.e., 7.06 kHz. Based on
Eqg. (2), E is proportional to the square of the resonant fre-

Polycrystalline sample LgCa, 3qVinO5 was prepared by
the standard solid-state reaction. Stoichiometric angDha
CaCQ;, MnO, powders were mixed and ground, and then
_calcined _at 100.0 a_nd 1200°C for_24 h f(_)r s_everal times V‘.’it uency, i.e.,Exf?. Therefore we substitutéd? for the
intermediate grinding. After the final grinding, the material Young’s modulusE
was sintered at 1400 °C for 24 h and slow cooled to room '
temperature. The dimension of samples use®@int mea-
surement is 884 X3 mnt. Powder x-ray-diffraction mea- . RESULTS AND DISCUSSION
surement was performed using a Philips PW 1700 x-ray dif- _ _
fractometer with ClK , radiation at room temperature. The ~ Powder x-ray diffraction measurement at room tempera-
resistivity p of Lag ¢/Ca 3gMNO; was measured by the con- ture indicates that the investigated samplg @& 3gVMinO;
ventional four-probe technique. The temperature dependend@ @ single phase. All diffraction peaks can be indexed by
of magnetization was measured using a Quantum Desigfrthorhombic lattice with space grougbnmand lattice pa-
commercial superconducting quantum interference devicEMmeters ofa=5.4788 A, b=5.4709 A, andc=7.7459 A,
(SQUID) magnetometerQ ~%(T) and E(T) were measured Which reveals the sample is chemically homogeneous.
by the free decay method of a resonant bar in acoustic fre- The temperature dependence of resistivigyT) in
quency range with magnitude of kHz and in the temperaturé-8o.67Ca.3MnO; is shown in Fig. 1. A distinct MIT occurs
range of 80—300 K using warming mode in a helium gasdt the temperatur&, =260 K. Ty, defined as the tempera-
environment at the rate of 0.3 K per minute under zero apture belowTp at whichdp/dT begins to rise rapidly with
plied magnetic field. The sample was excited electromagnetincreasing temperature, is about 240K, defined as the
cally in the fundamental and the first free flexural modesfemperature corresponding to the maximumdpi/dT, is
whose resonant frequenciésare in the ratios 1:2.76. The 253 K (shown in the inset of Fig.)1 Below Ty, the resis-

internal frictionQ ~* is defined as follows?® tivity p of the sample decreases monotonously with the de-
crease of the temperature and without any detectable
1 (A, anomaly inp(T), which seems to imply that the sample lies
leﬁln(A—>, (1) in a homogeneous metallic state in the low-temperature
n

range belowT .
The temperature dependence of magnetizalit(T) of
the sample under an applied field Bf=0.01 T and field-
cooled mode is shown in the main panel of Fig. 2. It shows
that the sample undergoes a PM-FM transition at Curie tem-
peratureT-=260 K defined as the inflection point on the
M(T) curve with decreasing temperature. Furthermites
' @ almost tem i i
perature independent in the whole temperature re-

where n is the number of the vibration cycles, while the
amplitude attenuates frody, to A,,. The Young’s modulug
is given by

_ 47%sdl? )

m?
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FIG. 2. Temperature dependence of magnetization of FIG. 4. 'I_'emperature de_pendence of_ the internal fricg@n'
Lag 6:Ca :MNO; under the field-cooled mode at an applied mag_under the different measuring frequencies .of 2.56 qnq 7.Q6 kHz
netic field of 0.01 T. The inset shows the temperature dependence gfound 260 and 105 K as the background internal friction is sub-
the resistanc&k and Young’s modulu€ measuredn situ in the tracted.
neighborhood of MIT.
disordered paramagnetic state to ordered ferromagnetic one.

gion belowT, which implies that the magnetic moment of To further identify the nature of this peak, we measure
the sample does not vary evidently with the decrease of th@ “(T) around 260 K under different measuring frequencies
temperature. In other words, the sample seems to lie in &f 2.56 and 7.06 kHz. The result is shown as in Fig. 4. It
homogeneous FM state beldly . shows that the position of the peak does not shift with raising
Based on electric transport and magnetic measuring ré¥equency. It reveals that the peak is of the feature of phase
sults, one usually seems to think that the sample should lie itransition-inducedQ ~* peak. It elucidates further that this
a homogeneous FM metallic state bel®w. To test whether peak is caused by the PM-FM transition. In addition, a
this viewpoint is real, botlQ ~* andE are measured. prominent softening oE can be observed in the temperature
The temperature dependence®f! andE (denoted us- range ofT,<T<T, from Fig. 3 with increasing temperature.
ing measuring frequency squafé) is shown in Fig. 3. This kind of large softening oE aroundT. was also ob-
Q Y(T) exhibits three peaks located at 260, 222, and 105 Kserved by Corderet al*® As is well known,E is close re-
respectively. The similar peaks at abdig and just below lated to cohesive force among atoms and is proportional to
T are also detected by Cordeed al'® However, for our the inverse of the static strain if the external force is kept in
measurement, another peak at lower temperature of 105 K & constant. Therefore the variation®falso actually reflects
observed, which may be ascribed to our lower temperaturl-ﬁe information of lattice variation. The large softeningkof
measurement range. Combined with the result of magnetizd? the vicinity of 260 K actually means that there exists an
tion M(T) as shown in Fig. 2, th€ ! peak at 260 K is obvious lattice distortion accompanied by FM-PM transition,
suggested to originate from the change of magnetic entropyhich is driven by Jahn-Teller effect due to Rfnions. This
in the process of magnetic transitiht® That is to say, the seems to be consistent with recent neutron powder-
magnetic entropy of the sample will take place a large losgliffraction and x-ray-absorption fine-structure measurement

when the sample undergoes a transition from magneticaIIV?SU"S%g_21
To probe the correlation betwe@&hand electric transport

behavior around MITT,, the temperature dependence of

50} {50 resistanceR and E of the sample is measuréd situ simul-
taneously in the temperature range of 180—300 K as shown
40t in the inset of Fig. 2. It reveals thd& occurs an evident
176 5,: softening in the neighborhood @f,, which is similar to the
30} = result shown in Fig. 3. A>T, E almost does not change
=S 155 2 with temperature. The result demonstrates Eh@ccurs a
o 20 T remarkable change in the process of MIT, which implies that
there exists a close correlation between charge and lattice. In
10} 16.8 addition, this result also implies that MIT occurring at 260 K
o is of the character of the first order because the large varia-
005 00 150 200 200 & 300 tion of E reveals the variation of the volume of lattice as

suggested in Ref. 22 recently. In addition, a very small resis-
tivity p(T) hysteresignot shown herearound 260 K during

FIG. 3. Temperature dependence of the internal fric@pn  the process of cooling and warming measurement also re-
and Young's modulus at measuring frequency of 2.56 kHz forveals the character of the first-order transition. Combined the
Lay 6/Cay 3MnO5 at zero magnetic field. results ofQ 1, E with p in the vicinity of 260 K, it unam-

T(K)
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biguously indicates the sample exists a strong charge-spin- 706KHz 1§ 236¢
lattice coupling®® 15
Compared with electric transport and magnetization mea- S ; e 1\'
surements, the measurement@f! seems to supply more ,,’;22 K
fine information for the sample because there exists extra [ SN i G
two Q! peaks located at 105 and 222 K except for the T ' | °
prominentQ ! peak of 260 K discussed above as shown in y y
Fig. 3. We suggest these two peaks may be related to the ' / AN N
microscopic behavior of the sample. First, the nature of the / PN N
105-K peak is investigated by changing the measuring 00F eese® g BT T
frequency. The result indicates that the position of 105-K . . , . ,
peak does not shift with raising measuring frequency 200 210 220 230 240 250
from 2.56 to 7.06 kHz as shown in Fig. 4, which reveals the T(K)
characteristic of the phase-transiti@i * peak. The similar FIG. 5. Temperature dependence of the internal friction peak
Q! peaks appear in lggCa ,MnO;, Lag;StpMnO;, and  around 222 K at measuring frequency of 2.56 kHz. The circles are
Ndy 7Srp.sMNnO5 at the temperatures of 98, 118, and 110 K,experimental data points after subtracting background internal fric-
respectively* In general, the first-order transition is accom- tion. The dashed and dashed dot lines are the fitting lines of the
panied by hysteresis and a discontinuous change in volum@&22- and 234-K peaks, respectively. The inset is the temperature
No hysteresis phenomenon is observed in the curve$Of dependence of the internal friction peak around 222 K at a measur-
around 105 K(not shown hereby measuring cooling and ing frequency of 7.06 kH#the background internal friction is also
warming p(T) curves and no evident anomalous variation isSubtractey
detected in thé&(T) curve around 105 K. Therefore we sug-
gest that the transition at the 105-K peak is of the charactethe 234-K peak, are obtained. Two different activation ener-
istic of the second-order phase transition. The optical densitgies may correspond to two different relaxation units, which
of infrared measurement also shows anomalous behavior iwill be discussed below. By the way, from Figb? in Ref.
the vicinity of 100 K, which suggests that this anomalousl8, the peak just beloW  also seems to be composed of two
behavior is related to the phase separatfoBompared with  subpeaks. That is to say, both the peak just belgwob-
the very sharp 105- and 260-K peaks, the 222-K peak iserved by Corderet al. and by us may be of the same ori-
much broader in the curve & *(T), indicating it perhaps gin.
has a fully different origin from the other two peaks. By As to the origin ofQ ! peaks of 105 and 222 K, it is
changing measuring frequency, it is found that the peak shiftseasonable to suggest that they are closely related to the in-
to higher temperature with the increase of frequef@$6 trinsic inhomogeneity of the sample. In fact, as Beckeal.
and 7.06 kHz, which demonstrates that this peak is associ-argued, the broad MIT implied the sample is
ated with a thermally activated relaxation process. The relaxinhomogeneoud! For our studied sample, Fig. 1 shows that
ation character of about 220 K is also obtained by Corderahere exists a 20-K difference betwe&p and T . Gener-
et al¥® In Ref. 18, the authors fit the curve and suggest that iailly, for a completely homogeneous sample, one would ex-
is a single peak which is attributed to the glassy dynamics opect thatp(T) curve has a sharp transition amg should be
some inhomogeneous phases. For our observed 222-K pealery close toTp when the sample undergoes a transition
we find that this peak can be fit by two Debye peaks withfrom the low-temperature FM metallic phase into the high-
distribution in relaxation time by nonlinear fitting meth&, temperature PM insulating phase at the Curie temperature
which indicates that the 222-K broad peak is actually com-T.. Therefore we could suggest that the sample may exist an
posed of two subpeaks located at 222 and 234 K, respedntrinsic inhomogeneity consisting of insulating and conduct-
tively when the background internal friction is subtracted.ing domains in the FM background beldl as suggested
The fitting result is plotted in Fig. 5, which shows that fitting by STS, uSR, Massbauer spectroscopy, and NMR
data is almost in superposition with experimental one. Thaechniques! '3As to the 105-KQ ! peak, we suggest that
shift of peak positions of two subpeaks with changing fre-it originates from the electronic phase separation. That is to
quency is shown in the inset of Fig. 5. For a thermally acti-say, asT <105 K, the sample may behave as a homogeneous
vated relaxation process, the relaxation timgenerally fol-  single FM metallic phase. As the temperature is increased to

measuring frequency : 2.56KHz

Q10

lows the Arrhenius relatidfi 105 K, an electrically insulating phase appears. In other
words, the sample exhibits an electronic phase separation at
7= 10 eXp(E/KgT), (3 105 K. Based on the character of the 105K ! peak de-

scribed above, this electronic phase separation is of the char-
where 7 is the preexponential factdor the relaxation time acter of the second-order phase transition. Hence as
at infinite temperatude E is the activation energy of the >105K, the sample comprises both metallic and insulating
relaxation process, arig; is the Boltzmann constant. At the domains. The fraction of insulating domains increases and
Q !-peak position, the conditiomr=1 is satisfied, where the fraction of metallic domains decreases with increasing
w=27f is the angular frequency of measurement. By fitting,temperature. Furthermore, we suggest that the increase of the
the relaxation parametefs and 5, which are 0.32 eV, 2.0 fraction of insulating domains is achieved by the increase of
X 10" %2 s for the 222-K peak and 0.38 eV, X830 s for  the number of insulating domains and not achieved by the
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growth of the size of insulating domains. That is to say, the
increase of the fraction of insulating domains is achieved by
the nucleation growth of the insulating domain and not
achieved by the mobility growth of the insulating domain 40 +Mn¥1.96ﬁ
boundary. With increasing temperature, more and negre 012)
electrons are bound in the insulating domains, which results £t \

in the motion of the insulating and metallic domain bound- o rﬁ”ﬁﬁi‘s‘j oi1)

a0

T
N 260K
inhomogensons 0

FH phase l

0

=

— — = — = 507 7

B Y 1.063

ary. Some noise in the slope of the resistivity occurred just
below 105 K(see inset in Fig. Jlis perhaps related to the
appearance of insulating domains. In terms of above the cal-
culation of the 222-KQ ™! peak, activated energies of do-
main boundary motion are 0.32 and 0.38 eV for insulating i

and metallic domains, respectively. Considering the fact the 0pLl— 1 1 e
activated energies are very small, it is reasonable to suggest 50 o 10 A0 B0 00
that the relaxation mechanism of the 222-K peak is related to T(K)

the change ogy electrons’ state—from itineration to local-
ization. In the temperature range of 105-222 K, though the,,
relative volumes of insulating and metallic domains are

changed, the percolative path constituted by metallic do-

mains does not become fully destroyed and the sample keedth r:ergperature causerz]d by the local dlitlortloln 0; the I},lllnod
up percolative conduction causing the sample to exhibit me2ctahedron. Because the appearance of local Jahn-Teller dis-

tallic behavior. The microscopic intertwining of the insulat- tortion Ieadg to the increase of globally a"er@?"q band
ing and metallic domains due to their thermally activated!ength' The increase of tHMn-O) bond length with increas-

relaxation motion leads to the remarkable increase of residld temperature was also corroborated by neutron
tivity and to the melting of the percolative path giving rise to diffraction=° It is understandable that the increase of Mn-O
the occurrence of MIT. The broad MIT is ascribed to thePond length results in the decreasetof
development of the insulating area and the thermally acti-
vated relaxation motion of the insulating and metallic do-
mains with temperature. IV. CONCLUSION

Why does the sample occur the electronic phase separa-
tion at low temperature below MIT? We suggest that the In summary, the behavior of the optimally doped
electronic phase separation is closely related to the local did-80.6/Ca 3dMNO; sample below MIT is investigated by in-
tortion disorder of the Mn@ octahedron which belongs to ternal friction Q™* and Young's modulu€ measurements.
the electronic phase separation induced by disorder as arguéd addition to the 260-kQ ™" peak correlated with PM-FM
by Moreoet al’” Our results can be well explained by recenttransition being observed, the other 4@ * peaks located
results of high real-space-resolution atomic pair distributionat 105 and 222 K are also detected. We suggest that the
functions obtained by Billinget al. using high-energy x-ray 105-K peak originates from the electronic phase transition
powder-diffraction techniqu#. For the LaqCa3MnO;  induced by the local distortion disorder of the MnGctahe-
polycrystalline sample, at the low temperature of 20 K, theydron, which gives rise to the coexistence of metallic and
find that the sample exhibits single Mn-O bond length ofinsulating domains in the temperature region of 165K
1.96 A and there is no evidence of any long bond caused by Tp,. The results reveal the nature of the intrinsic inhomo-
Jahn-Teller distortion, which means there does not exist thgeneity of the sample in the FM phase. The broad peak
distortion of the MnQ octahedron and the sample lies in an around 222 K is of the dynamic characteristic of insulating
entirely delocalized homogeneous metallic phase. Howevegnd conduction domains and reflects the thermally activated
when the temperature is increased to 100 K, the@e€laxation motion of two kinds of domains. Our results indi-
Mn3"-0-long bonds of 2.18 A begin to appear and persisicate that the internal friction method seems to be a useful
further to room temperature of 300 K, which means the aptechnique in studying the coupling between spin, charge and
pearance of Jahn-Teller distortion of the MnGtahedron. lattice of CMR materials. The further work @ * in other
This distortion results in the localization of tieg electron manganites Is In progress.
and gives rise to the appearance of the insulating phase.
Base%pn the schematic phase diagram obtaineld by B_iIIinge ACKNOWLEDGMENTS
et al,“’ it seems to be reasonable that the 109K peak is
suggested to originate from the electronic phase separation The authors would like to acknowledge useful discussions
induced by the local distortion disorder of the MpG@ctahe- — with Dr. J. L. Wei. This work was supported by the National
dron. Based on the above discussion, the relation betwedfey Research under Contract No. 001CB610604 and the Na-
the Q (T) spectrum and the Mn-O bond length can betional Nature Science Foundation of China under Contract
plotted schematically in Fig. 6. In fact, the gradual decreas&los. 10174085 and 10074066, Anhui Province NSF Grant
of E with the increasing temperature shown in Fig. 3 alsoNos. 00046115 and 03046201, and the Fundamental Bureau
seems to consist with the variation of Mn-O bond lengthsChinese Academy of Sciences.
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FIG. 6. Schematic Mngoctahedron in homogeneous and inho-
ogeneous FM phases.
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