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Internal friction evidence of the intrinsic inhomogeneity in La0.67Ca0.33MnO3 at low temperatures
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The ferromagnetic manganite La0.67Ca0.33MnO3 is systematically investigated below Curie temperatureTC

by measurements of internal frictionQ21(T), Young’s modulusE(T), resistivity r(T), and magnetization
M (T). Accompanying single metal-insulator transition atTp and single paramagnetic-ferromagnetic~PM-FM!
transition, three peaks at temperatures 260, 222, and 105 K are observed in the spectra of internal friction
Q21(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 eV, 2.0310212 s for the
222-K subpeak and 0.38 eV, 2.5310213 s for the 234-K subpeak, respectively.
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I. INTRODUCTION

Since the colossal magnetoresistance~CMR! effect in per-
ovskite manganese oxidesR12xAxMnO3 ~R is a trivalent rare
earth such as La, Nd, Pr, etc.,A is a divalent dopant such a
Ca, Sr, Ba, Pb, etc.! is discovered, it has been extensive
studied in past years because of its value in fundame
physics and its potential applications.1–3 For CMR materials
with doping level aroundx50.33, the measurement of th
temperature dependence of resistivity of this material sh
a metal-insulator transition~MIT ! from a low-temperature
metallic phase to a high-temperature insulating phase c
acterized by the peak atTp . Accompanying the MIT, a mag
netic transition from a high-temperature paramagnetic~PM!
phase to a low-temperature ferromagnetic~FM! phase char-
acterized by the Curie temperatureTC at which spontaneou
magnetization appears. It has long been thought that the
and FM-PM transition are qualitatively correlated via t
double exchange~DE! interaction mechanism, i.e., the ho
ping of eg electrons from theeg orbital of Mn31 to the
neighboring emptyeg orbital of Mn41 ions through 2p or-
bital of O22 ions in between.4 The hopping of theeg elec-
trons is enhanced in the FM state in which the core spinst2g
electron spin! of Mn31 and Mn41 are parallel. In turn, the
hoppingeg electrons promote FM order because they en
getically prefer to polarize the spins in their vicinity. Th
hoppingeg electron does not pay strong Hund coupling e
ergy (JH) if both eg and t2g electron spins are parallel. Th
electron-spin scattering is minimized in this process and
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kinetic energy ofeg is optimized. The applied magnetic fiel
can suppress the spin disorder aroundTC and shift bothTp

and TC to higher temperatures, which results in the CM
effect. However, Milliset al.5 argued that the DE mechanism
alone was not sufficient to describe some features of
CMR effect, such as the magnitude of the resistivity at
high temperature and CMR. In order to explain the CM
effect quantitatively, a strong electron–Jahn-Teller–phon
coupling arising from the distortion of the MnO6 octahedra
due to the Jahn-Teller effect and the orbital-ordering effe
due to twoeg orbitals per Mn ion should be considered in th
framework of the DE model. In addition, recently, a pha
separation~PS! theory has been proposed to account for
CMR effect.6–9 Anyway, the exact origin of the CMR effec
observed in manganites has not fully been elucidated so

Recently, the question as to whether the metallic F
phase in manganites is homogeneity has attracted atten
because it intimately links to the intrinsic properties of t
doped manganites. Several papers have reported that the
phase in La12xCaxMnO3, which is a typical DE system, ha
a complicated character.10–14 Fäth et al. investigated
La12xCaxMnO3 single crystals and thin film withx of about
0.3 using scanning tunneling spectroscopy~STS! and found a
phase separation where inhomogeneous structures of m
lic and insulating phases coexisted.10 Heffner et al. studied
La0.67Ca0.33MnO3 polycrystalline sample using the muo
spin relaxation~mSR! technique and found that at least tw
spatially separated FM regions existed, which posses
temperature-dependent volumes and very different Mn-
©2004 The American Physical Society04-1
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spin dynamics.11 The Mössbauer spectroscopy i
La0.7Ca0.3Mn(57Co)O3 compound showed two FM phase
M1 andM2.12 The coexistence of two FM phases were a
observed using55Mn NMR.13 Except for the inhomogeneity
observed in La12xCaxMnO3 compound withx of about 0.3,
this phenomenon is also observed in La12xSrxMnO3 poly-
crystalline and film samples withx50.3 by means of55Mn
NMR ~Ref. 13! and STS,14 respectively.

The internal friction measuring technique is a nondestr
tive but very sensitive tool in studying defects and mic
scopic processes in solids15–18 including electron strongly
correlated materials, such as cuprate high-temperature s
conductors and manganites.15,16,18 Very recently, the glassy
dynamics of the inhomogeneous metallic phase
La12xCaxMnO3 with 0.33,x,0.5 was investigated in the
wide temperature range over 100 K up to the high tempe
ture near 900 K by the measurement of the anela
spectra.18 In this paper, we report the study of the FM pha
below MIT in the La0.67Ca0.33MnO3 polycrystalline sample
in the temperature range of 80–300 K by measurement
internal friction Q21(T) and Young’s modulusE(T) at a
zero magnetic field.

II. EXPERIMENTAL TECHNIQUES

Polycrystalline sample La0.67Ca0.33MnO3 was prepared by
the standard solid-state reaction. Stoichiometric and La2O3,
CaCO3, MnO2 powders were mixed and ground, and th
calcined at 1000 and 1200 °C for 24 h for several times w
intermediate grinding. After the final grinding, the mater
was sintered at 1400 °C for 24 h and slow cooled to ro
temperature. The dimension of samples used inQ21 mea-
surement is 803433 mm3. Powder x-ray-diffraction mea
surement was performed using a Philips PW 1700 x-ray
fractometer with CuKa radiation at room temperature. Th
resistivity r of La0.67Ca0.33MnO3 was measured by the con
ventional four-probe technique. The temperature depende
of magnetization was measured using a Quantum De
commercial superconducting quantum interference de
~SQUID! magnetometer.Q21(T) and E(T) were measured
by the free decay method of a resonant bar in acoustic
quency range with magnitude of kHz and in the temperat
range of 80–300 K using warming mode in a helium g
environment at the rate of 0.3 K per minute under zero
plied magnetic field. The sample was excited electromagn
cally in the fundamental and the first free flexural mod
whose resonant frequenciesf are in the ratios 1:2.76. Th
internal frictionQ21 is defined as follows:15

Q215
1

n
lnS A0

An
D , ~1!

where n is the number of the vibration cycles, while th
amplitude attenuates fromA0 to An . The Young’s modulusE
is given by

E5
4p2sdl4

m4I
f 2, ~2!
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where f is the resonant frequency,s is the cross-sectiona
area,d the density,l the length,I the moment of inertia of the
sample. In addition,m is 4.730 for the vibrating mode in the
fundamental mode, in which the sample is suspended at
points whose span is 0.224l from two free ends of the
sample. We define the resonant frequencyf in the fundamen-
tal mode at room temperature~300 K! as measuring fre-
quency f 052.56 kHz, thus the measuring frequency in t
first free flexural mode as 2.76f 0 , i.e., 7.06 kHz. Based on
Eq. ~2!, E is proportional to the square of the resonant f
quency, i.e., E} f 2. Therefore we substitutef 2 for the
Young’s modulusE.

III. RESULTS AND DISCUSSION

Powder x-ray diffraction measurement at room tempe
ture indicates that the investigated sample La0.67Ca0.33MnO3
is a single phase. All diffraction peaks can be indexed
orthorhombic lattice with space groupPbnmand lattice pa-
rameters ofa55.4788 Å, b55.4709 Å, andc57.7459 Å,
which reveals the sample is chemically homogeneous.

The temperature dependence of resistivityr(T) in
La0.67Ca0.33MnO3 is shown in Fig. 1. A distinct MIT occurs
at the temperatureTp5260 K. TK , defined as the tempera
ture belowTP at which dr/dT begins to rise rapidly with
increasing temperature, is about 240 K;Ts

max, defined as the
temperature corresponding to the maximum ofdr/dT, is
253 K ~shown in the inset of Fig. 1!. Below TK , the resis-
tivity r of the sample decreases monotonously with the
crease of the temperature and without any detecta
anomaly inr(T), which seems to imply that the sample lie
in a homogeneous metallic state in the low-temperat
range belowTK .

The temperature dependence of magnetizationM (T) of
the sample under an applied field ofH50.01 T and field-
cooled mode is shown in the main panel of Fig. 2. It sho
that the sample undergoes a PM-FM transition at Curie te
peratureTC5260 K defined as the inflection point on th
M (T) curve with decreasing temperature. Furthermore,M is
almost temperature independent in the whole temperature

FIG. 1. Temperature dependence of the resistivity
La0.67Ca0.33MnO3 at zero magnetic field. The inset showsdr/dT
versus temperature, andTK is defined as the temperature belowTP

at whichdr/dT begins to rise rapidly.
4-2
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gion belowTC , which implies that the magnetic moment
the sample does not vary evidently with the decrease of
temperature. In other words, the sample seems to lie
homogeneous FM state belowTC .

Based on electric transport and magnetic measuring
sults, one usually seems to think that the sample should l
a homogeneous FM metallic state belowTC . To test whether
this viewpoint is real, bothQ21 andE are measured.

The temperature dependence ofQ21 andE ~denoted us-
ing measuring frequency squaref 2) is shown in Fig. 3.
Q21(T) exhibits three peaks located at 260, 222, and 105
respectively. The similar peaks at aboutTC and just below
TC are also detected by Corderoet al.18 However, for our
measurement, another peak at lower temperature of 105
observed, which may be ascribed to our lower tempera
measurement range. Combined with the result of magne
tion M (T) as shown in Fig. 2, theQ21 peak at 260 K is
suggested to originate from the change of magnetic entr
in the process of magnetic transition.16,18 That is to say, the
magnetic entropy of the sample will take place a large l
when the sample undergoes a transition from magnetic

FIG. 3. Temperature dependence of the internal frictionQ21

and Young’s modulus at measuring frequency of 2.56 kHz
La0.67Ca0.33MnO3 at zero magnetic field.

FIG. 2. Temperature dependence of magnetization
La0.67Ca0.33MnO3 under the field-cooled mode at an applied ma
netic field of 0.01 T. The inset shows the temperature dependen
the resistanceR and Young’s modulusE measuredin situ in the
neighborhood of MIT.
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disordered paramagnetic state to ordered ferromagnetic
To further identify the nature of this peak, we measu
Q21(T) around 260 K under different measuring frequenc
of 2.56 and 7.06 kHz. The result is shown as in Fig. 4.
shows that the position of the peak does not shift with rais
frequency. It reveals that the peak is of the feature of ph
transition-inducedQ21 peak. It elucidates further that thi
peak is caused by the PM-FM transition. In addition,
prominent softening ofE can be observed in the temperatu
range ofTk,T,Tp from Fig. 3 with increasing temperature
This kind of large softening ofE aroundTC was also ob-
served by Corderoet al.18 As is well known,E is close re-
lated to cohesive force among atoms and is proportiona
the inverse of the static strain if the external force is kept
a constant. Therefore the variation ofE also actually reflects
the information of lattice variation. The large softening ofE
in the vicinity of 260 K actually means that there exists
obvious lattice distortion accompanied by FM-PM transitio
which is driven by Jahn-Teller effect due to Mn31 ions. This
seems to be consistent with recent neutron powd
diffraction and x-ray-absorption fine-structure measurem
results.19–21

To probe the correlation betweenE and electric transpor
behavior around MITTp , the temperature dependence
resistanceR andE of the sample is measuredin situ simul-
taneously in the temperature range of 180–300 K as sh
in the inset of Fig. 2. It reveals thatE occurs an evident
softening in the neighborhood ofTp , which is similar to the
result shown in Fig. 3. AsT.Tp , E almost does not chang
with temperature. The result demonstrates theE occurs a
remarkable change in the process of MIT, which implies t
there exists a close correlation between charge and lattic
addition, this result also implies that MIT occurring at 260
is of the character of the first order because the large va
tion of E reveals the variation of the volume of lattice a
suggested in Ref. 22 recently. In addition, a very small re
tivity r(T) hysteresis~not shown here! around 260 K during
the process of cooling and warming measurement also
veals the character of the first-order transition. Combined
results ofQ21, E with r in the vicinity of 260 K, it unam-

r

f
-
of

FIG. 4. Temperature dependence of the internal frictionQ21

under the different measuring frequencies of 2.56 and 7.06
around 260 and 105 K as the background internal friction is s
tracted.
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Y. Q. MA et al. PHYSICAL REVIEW B 69, 134404 ~2004!
biguously indicates the sample exists a strong charge-s
lattice coupling.23

Compared with electric transport and magnetization m
surements, the measurement ofQ21 seems to supply more
fine information for the sample because there exists e
two Q21 peaks located at 105 and 222 K except for t
prominentQ21 peak of 260 K discussed above as shown
Fig. 3. We suggest these two peaks may be related to
microscopic behavior of the sample. First, the nature of
105-K peak is investigated by changing the measur
frequency. The result indicates that the position of 105
peak does not shift with raising measuring frequen
from 2.56 to 7.06 kHz as shown in Fig. 4, which reveals
characteristic of the phase-transitionQ21 peak. The similar
Q21 peaks appear in La0.8Ca0.2MnO3, La0.7Sr0.3MnO3, and
Nd0.7Sr0.3MnO3 at the temperatures of 98, 118, and 110
respectively.24 In general, the first-order transition is accom
panied by hysteresis and a discontinuous change in volu
No hysteresis phenomenon is observed in the curves ofr(T)
around 105 K~not shown here! by measuring cooling and
warmingr(T) curves and no evident anomalous variation
detected in theE(T) curve around 105 K. Therefore we su
gest that the transition at the 105-K peak is of the charac
istic of the second-order phase transition. The optical den
of infrared measurement also shows anomalous behavio
the vicinity of 100 K, which suggests that this anomalo
behavior is related to the phase separation.24 Compared with
the very sharp 105- and 260-K peaks, the 222-K peak
much broader in the curve ofQ21(T), indicating it perhaps
has a fully different origin from the other two peaks. B
changing measuring frequency, it is found that the peak sh
to higher temperature with the increase of frequency~2.56
and 7.06 kHz!, which demonstrates that this peak is asso
ated with a thermally activated relaxation process. The re
ation character of about 220 K is also obtained by Cord
et al.18 In Ref. 18, the authors fit the curve and suggest tha
is a single peak which is attributed to the glassy dynamic
some inhomogeneous phases. For our observed 222-K p
we find that this peak can be fit by two Debye peaks w
distribution in relaxation time by nonlinear fitting method,25

which indicates that the 222-K broad peak is actually co
posed of two subpeaks located at 222 and 234 K, res
tively when the background internal friction is subtracte
The fitting result is plotted in Fig. 5, which shows that fittin
data is almost in superposition with experimental one. T
shift of peak positions of two subpeaks with changing f
quency is shown in the inset of Fig. 5. For a thermally ac
vated relaxation process, the relaxation timet generally fol-
lows the Arrhenius relation26

t5t0 exp~E/kBT!, ~3!

wheret0 is the preexponential factor~or the relaxation time
at infinite temperature!, E is the activation energy of the
relaxation process, andkB is the Boltzmann constant. At th
Q21-peak position, the conditionvt51 is satisfied, where
v52p f is the angular frequency of measurement. By fittin
the relaxation parametersE and t0 , which are 0.32 eV, 2.0
310212 s for the 222-K peak and 0.38 eV, 2.5310213 s for
13440
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the 234-K peak, are obtained. Two different activation en
gies may correspond to two different relaxation units, wh
will be discussed below. By the way, from Fig. 2~b! in Ref.
18, the peak just belowTC also seems to be composed of tw
subpeaks. That is to say, both the peak just belowTC ob-
served by Corderoet al. and by us may be of the same or
gin.

As to the origin ofQ21 peaks of 105 and 222 K, it is
reasonable to suggest that they are closely related to th
trinsic inhomogeneity of the sample. In fact, as Beckeret al.
argued, the broad MIT implied the sample
inhomogeneous.14 For our studied sample, Fig. 1 shows th
there exists a 20-K difference betweenTP and TK . Gener-
ally, for a completely homogeneous sample, one would
pect thatr(T) curve has a sharp transition andTK should be
very close toTP when the sample undergoes a transiti
from the low-temperature FM metallic phase into the hig
temperature PM insulating phase at the Curie tempera
TC . Therefore we could suggest that the sample may exis
intrinsic inhomogeneity consisting of insulating and condu
ing domains in the FM background belowTC as suggested
by STS, mSR, Mössbauer spectroscopy, and NM
techniques.11–13As to the 105-KQ21 peak, we suggest tha
it originates from the electronic phase separation. That is
say, asT,105 K, the sample may behave as a homogene
single FM metallic phase. As the temperature is increase
105 K, an electrically insulating phase appears. In ot
words, the sample exhibits an electronic phase separatio
105 K. Based on the character of the 105-KQ21 peak de-
scribed above, this electronic phase separation is of the c
acter of the second-order phase transition. Hence, aT
.105 K, the sample comprises both metallic and insulat
domains. The fraction of insulating domains increases
the fraction of metallic domains decreases with increas
temperature. Furthermore, we suggest that the increase o
fraction of insulating domains is achieved by the increase
the number of insulating domains and not achieved by

FIG. 5. Temperature dependence of the internal friction p
around 222 K at measuring frequency of 2.56 kHz. The circles
experimental data points after subtracting background internal
tion. The dashed and dashed dot lines are the fitting lines of
222- and 234-K peaks, respectively. The inset is the tempera
dependence of the internal friction peak around 222 K at a mea
ing frequency of 7.06 kHz~the background internal friction is als
subtracted!.
4-4
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growth of the size of insulating domains. That is to say,
increase of the fraction of insulating domains is achieved
the nucleation growth of the insulating domain and n
achieved by the mobility growth of the insulating doma
boundary. With increasing temperature, more and moreeg
electrons are bound in the insulating domains, which res
in the motion of the insulating and metallic domain boun
ary. Some noise in the slope of the resistivity occurred j
below 105 K ~see inset in Fig. 1! is perhaps related to th
appearance of insulating domains. In terms of above the
culation of the 222-KQ21 peak, activated energies of do
main boundary motion are 0.32 and 0.38 eV for insulat
and metallic domains, respectively. Considering the fact
activated energies are very small, it is reasonable to sug
that the relaxation mechanism of the 222-K peak is relate
the change ofeg electrons’ state—from itineration to loca
ization. In the temperature range of 105–222 K, though
relative volumes of insulating and metallic domains a
changed, the percolative path constituted by metallic
mains does not become fully destroyed and the sample k
up percolative conduction causing the sample to exhibit m
tallic behavior. The microscopic intertwining of the insula
ing and metallic domains due to their thermally activat
relaxation motion leads to the remarkable increase of re
tivity and to the melting of the percolative path giving rise
the occurrence of MIT. The broad MIT is ascribed to t
development of the insulating area and the thermally a
vated relaxation motion of the insulating and metallic d
mains with temperature.

Why does the sample occur the electronic phase sep
tion at low temperature below MIT? We suggest that
electronic phase separation is closely related to the local
tortion disorder of the MnO6 octahedron which belongs t
the electronic phase separation induced by disorder as ar
by Moreoet al.7 Our results can be well explained by rece
results of high real-space-resolution atomic pair distribut
functions obtained by Billingeet al. using high-energy x-ray
powder-diffraction technique.27 For the La0.67Ca0.33MnO3
polycrystalline sample, at the low temperature of 20 K, th
find that the sample exhibits single Mn-O bond length
1.96 Å and there is no evidence of any long bond caused
Jahn-Teller distortion, which means there does not exist
distortion of the MnO6 octahedron and the sample lies in
entirely delocalized homogeneous metallic phase. Howe
when the temperature is increased to 100 K,
Mn31-O-long bonds of 2.18 Å begin to appear and pers
further to room temperature of 300 K, which means the
pearance of Jahn-Teller distortion of the MnO6 octahedron.
This distortion results in the localization of theeg electron
and gives rise to the appearance of the insulating ph
Based on the schematic phase diagram obtained by Bill
et al.,27 it seems to be reasonable that the 105-KQ21 peak is
suggested to originate from the electronic phase separa
induced by the local distortion disorder of the MnO6 octahe-
dron. Based on the above discussion, the relation betw
the Q21(T) spectrum and the Mn-O bond length can
plotted schematically in Fig. 6. In fact, the gradual decre
of E with the increasing temperature shown in Fig. 3 a
seems to consist with the variation of Mn-O bond leng
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with temperature caused by the local distortion of the Mn6
octahedron. Because the appearance of local Jahn-Teller
tortion leads to the increase of globally average^Mn-O& bond
length. The increase of the^Mn-O& bond length with increas-
ing temperature was also corroborated by neut
diffraction.28 It is understandable that the increase of Mn
bond length results in the decrease ofE.

IV. CONCLUSION

In summary, the behavior of the optimally dope
La0.67Ca0.33MnO3 sample below MIT is investigated by in
ternal friction Q21 and Young’s modulusE measurements
In addition to the 260-KQ21 peak correlated with PM-FM
transition being observed, the other twoQ21 peaks located
at 105 and 222 K are also detected. We suggest that
105-K peak originates from the electronic phase transit
induced by the local distortion disorder of the MnO6 octahe-
dron, which gives rise to the coexistence of metallic a
insulating domains in the temperature region of 105 K,T
,Tp . The results reveal the nature of the intrinsic inhom
geneity of the sample in the FM phase. The broad p
around 222 K is of the dynamic characteristic of insulati
and conduction domains and reflects the thermally activa
relaxation motion of two kinds of domains. Our results ind
cate that the internal friction method seems to be a us
technique in studying the coupling between spin, charge
lattice of CMR materials. The further work ofQ21 in other
manganites is in progress.
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FIG. 6. Schematic MnO6 octahedron in homogeneous and inh
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