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Longitudinal sound velocity and internal friction in ferromagnetic La 1ÀxSrxMnO3
single-crystal manganites
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We have studied the temperature dependence of sound velocity and internal friction in ferromagnetic
La12xSrxMnO3 single crystals,x50.15, 0.20, and 0.25, grown by the floating zone method. The sound velocity
and internal friction were determined by the composite oscillator method at frequencies of order 100 kHz. The
compositional metal-insulator transition has been found to be accompanied by an increase of the sound velocity
and a weakening of its temperature dependence. It is likely that La0.85Sr0.15MnO3 undergoes a transition
between the O* phase and an unknown phase at about 60 K. In La0.80Sr0.20MnO3, a weak transition of the first
order occurs at 400 K. It has been revealed that the giant thermal hysteresis of sound velocity and internal

friction is the specific feature of thePnma-R3̄c transition; therefore, in a wide temperature range there is the
mixture of these crystalline phases. Above 400 K, relaxation peaks of the internal friction due to point defects
have been found.

DOI: 10.1103/PhysRevB.66.064421 PACS number~s!: 75.30.Vn, 62.30.1d, 62.40.1i
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I. INTRODUCTION

The interest in lanthanum manganites La12xDxMnO3,
with D being a divalent ion~Ca, Sr, Ba, or Pb!, as well as in
the manganites of other rare earths is stimulated by the
lossal magnetoresistance~CMR! effect that is observed nea
the Curie temperatureTC .1–5 The characteristic feature o
the CMR manganites is the strong interaction betwe
charge carriers in theeg band, localized spins oft2g elec-
trons, and the crystal lattice. As a result, the manganites
dergo magnetic phase transitions, structural transformati
charge ordering, and a metal-insulator transition. Althou
the role of the lattice in forming the properties of the CM
compounds is universally recognized, the lattice proper
as such remain weakly investigated. The publications
sound propagation in these oxides6–13 are not numerous, an
only some of them contain information on sound dampi
There are a few papers dealing with the evolution of
elastic moduli with the divalent ion concentration7,10 but the
change of the damping withx seems not to be studied ye
The interpretation of the experimental results10 was made in
the frame of the ionic picture and based on the supposi
that the temperature dependence of the moduli is due to
Jahn-Teller~JT! effect only.

In this paper, we report on a systematic study of the te
perature dependence of longitudinal sound velocityVl and
internal frictionQ21 in La12xSrxMnO3 single crystals with
x50.15, 0.20, and 0.25 in the temperature range of 6–
K; the magnetization was also measured. Ifx,0.25, a man-
ganite of this family is in the orthorhombic phase ofPnma
symmetry at low temperature, while the high-temperat
phase is a rhombohedral phase of theR3̄c space group.14

Doping reduces the temperatureTS of the Pnma-R3̄c trans-
formation, and manganites withx greater than 0.25 are a
ways in the rhomhedral phase. Kawanoet al.15 have revealed
0163-1829/2002/66~6!/064421~5!/$20.00 66 0644
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that in fact there are two orthorhombic phases of thePnma
symmetry: an O’ phase with strong JT distortions and
pseudocubicO* phase in which the JT distortions are abse
No different rhombohedral phases have been reported so

Yamada et al.16 observed a low-temperature charg
ordering ~CO! state in the crystals withx around 0.125; in
particular La0.85Sr0.15MnO3 was found to undergo the trans
tion into the CO state approximately at 200 K. The Cu
temperatureTC of all the samples studied as well asTS and
TCO are within our temperature range of 6–425 K, so tha
is possible to compare the effect of transitions of differe
types on the elastic properties. Thex50.15 crystal is an
insulator at any temperature while thex50.20 and 0.25 man-
ganites are insulators in a paramagnetic state only, exhibi
metallic behavior in a ferromagnetic state.14 Therefore we
can also estimate how the elastic properties are influence
the metal-insulator transition. We pay special attention to
temperature hysteresis ofVl and Q21, and show that the
boundary betweenPnma and R3̄c phases is fuzzy in the
sense that the phases coexist in a very broad tempera
interval.

Also we have observed anomalies that cannot be att
uted to the known transitions. The analysis shows that so
of the anomalies result from structural transitions not o
served earlier and others are due to a relaxation process

II. EXPERIMENT

The La12xSrxMnO3 single crystals were grown by th
floating-zone method; the details have been publis
earlier.17 The as-grown samples used in our ultrasound
periments were cylinders of about 30 mm long and 3 mm
diameter. The cylinder axis was along the cubic@103# direc-
tion in thex50.15 sample, along@111# in the x50.20 crys-
tal, and along@115# in the x50.25 sample.
©2002 The American Physical Society21-1
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The sound velocity and internal friction were determin
by the composite oscillator method.18 The resonance fre
quency and quality of the mechanical system consisting
manganite sample and a quartz rod exciting longitudinal
brations were measured, and thenVl and Q21 were calcu-
lated for the manganite. The frequency was of order 1
kHz. The measurements were carried out in helium gas
mosphere under warming and cooling with the rate of 15–
K per hour. The vibrating sample magnetometer was used
measuring magnetization.

III. RESULTS OF MEASUREMENTS

The magnetization curves of the manganites studied
typical for a ferromagnet. The Curie temperatures de
mined through Arrot-Belov curves are 232, 308, and 341
for the x50.15, 0.20, and 0.25 samples, respectively, wh
are very close to the values reported by Urushibaraet al.14

The value of the resistivity and its temperature depende
are also quite similar to that observed by the authors of R
14.

Figure 1 shows the temperature dependence ofVl taken at
warming. The La0.85Sr0.15MnO3 manganite stands out owin
to the large change ofVl with T. On the curve for thex
50.15 sample, one can see the following anomalies:
deep minimum at 208 K related to the charge ordering,
weak minimum at 230 K due to a transition from a ferroma
netic state to a paramagnetic state, and the minimum at
K due to thePnma-R3̄c transformation. BelowTCO, the
sound velocity strongly decreases with growingT, but in the
range from 50 to 100 K the derivatedVl /dT is small. Be-
sides the main resonance, we observed an addition reson
in the interval of 180–240 K, which is likely to be due t
inhomogeneity of thex50.15 manganite, as discussed
Ref. 12.

The increase of the strontium content results in an
crease of the value and in a weakening of the tempera
dependence of the sound velocity. The Curie tempera

FIG. 1. Temperature dependence of the sound velocity
La12xSrxMnO3 single crystals measured at warming. Inset: t
sound velocity of thex50.20 crystal nearTS8 ~the final curve after
eight ‘‘warming-cooling’’ cycles!.
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manifests itself as a break on theVl-T curves. On the curve
for the La0.80Sr0.20MnO3, there is a discontinuity at 104 K
caused by the structuralPnma-R3̄c transformation. There is
also another weak jump inVl at TS85400 K; see the inset in
Fig. 1, which indicates a first-order transition. This transiti
was not observed earlier. In thex50.25 compound, the
sound velocity decreases monotonically with increasing te
perature.

Figure 2 shows the temperature dependence of the in
nal friction Q21 measured under warming. On the curve f
the x50.15 crystal, one can see the peaks at 60, 202, 2
and 375 K. The last three maxima are obviously due to
charge ordering, the Curie point, and thePnma-R3̄c trans-
formation, respectively. The peak at 60 K is likely to be d
to the transition between orthorhombicO* phase and an un
known low-temperature phase; see Sec. IV.

On theQ21-T curve for thex50.20 manganite, there is
maximum at 104 K caused by thePnma-R3̄c transforma-
tion and another weak maximum at 302 K due to the tran
tion from a ferromagnetic state to a paramagnetic st
When T.360 K, there is a strong increase of the intern
friction with the jump at temperature of 400 K. This jum
seems to be due to superposition of a sharp peak center
TS8 and a monotonic curve.

The Q21-T curve for the x50.25 crystal exhibits no
anomaly below the Curie temperature, and has a weak m
mum nearTC . A further increase of temperature results
the strong increase of the internal friction, which reache
maximum at 415 K.

Since thePnma-R3̄c transition is of first order, the the
mal hysteresis has to be observed. Figure 3 shows the
teretic behavior of the magnetizationM in La0.80Sr0.20MnO3.
The transition temperature can be conveniently defined
half-sum of the temperatures corresponding to the maxim
slopes of the curvesM (T) recorded in the cooling and
warming; we then obtainTS595 K. The noticeable ampli-

f FIG. 2. Temperature dependence of internal frictionQ21 of
La12xSrxMnO3 single crystals measured at warming. The solid li
is the calculated curve by Eq. 2 with an activation energy ofH
50.65 eV. Inset:Q21(T) near TS8 in La0.80Sr0.20MnO3 ; n is the
number of ‘‘warming-cooling’’ cycles.
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tude of the thermal hysteresis loop observed in the regio
technical magnetization (H53 kOe) points to the change o
the magnetic anisotropy under thePnma-R3̄c transforma-
tion. In the true magnetization region (H55 kOe) the dif-
ference in the magnetization values is only about 0.7 em
The width of the thermal hysteresis loop is independent oH
and approximately equal to 25 K. No thermal hysteresis
magnetization was observed in La0.85Sr0.15MnO3 or
La0.75Sr0.25MnO3.

Let us turn to the elastic properties. The temperature
pendence ofVl andQ21 for La0.80Sr0.20MnO3 displays pro-
nounced hysteretic behavior connected with the struct
Pnma-R3̄c transformation. Figures 4 and 5 show that t
hysteresis of elastic properties takes place in the rang
50–350 K, so that the width of the hysteresis loop~300 K! is
giant as compared with theTS . The loop is asymmetrical: its
extent to higher temperatures~about 250 K! is much greater
than down to lower temperatures~about 50 K!. Similar hys-
teresis has been observed in thex50.15 crystal in the range
of 200–425 K. The curvesVl(T) and Q21(T) for the
La0.75Sr0.25MnO3 measured under warming and cooling pra
tically coincide.

FIG. 3. Magnetization of La0.80Sr0.20MnO3 in the vicinity of the

Pnma-R3̄c transition.

FIG. 4. Giant thermal hysteresis of the sound velocity in
La0.80Sr0.20MnO3 single crystal.
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The temperature hysteresis was also observed in the
cinity of TS8 , but TS8 and the width of the loop turned out t
depend on the prehistory of the sample, specifically on
numbern of ‘‘warming-cooling’’ cycles in the range of 300–
430 K. After eight cycles,TS8 was reduced from 420 to 400 K
and the width was decreased from 8 K to avalue less than 1
K; no further (n.8) change ofTS8 was observed. The inse
to Fig. 2 shows the reduction ofTS8 and the increase ofQ21

with n. The value of the jump inVl did not depend onn and
is very small, as follows from the finalVl-T curve in the inset
to Fig. 1.

IV. DISCUSSION

The sound velocityVl in a cylinder is determined by the
Young’s modulusE: Vl5AE/r, with r being a density. In a
single crystal, the Young’s modulus depends on the orien
tion of the cylinder axis relative to crystal axes. For the cu
symmetry one can write19

1

E
5

c111c12

~c1112c12!~c112c12!
1S 1

c44
2

2

c112c12
D P~n!, ~1!

where P(n)5nx
2ny

21nx
2nz

21ny
2nz

2 , and n is a unit vector
along the cylinder axis. It has been reported in Ref. 10 tha
La0.835Sr0.165MnO3 single crystal,c11512.731011 erg/cm3,
(c11-c12)/254.531011 erg/cm3, c4455.431011 erg/cm3 at
T5200 K, so that E5@0.0907-0.037P(n)#21

31011 erg/cm3. SinceP(n) cannot be greater than 1/3, w
infer that the elastic anisotropy of La0.835Sr0.165MnO3 is
rather weak. Assuming this to be true for every ferroma
netic crystal of the La12xSrxMnO3 family, we conclude that
our experiments give information on the first term in Eq.~1!;
c44 as well as the dependence onn is of minor importance.

A. Compositional metal-insulator transition and elastic moduli

We have already seen that an increase of the Sr con
leads to an increase inVl , and that the temperature depe
dence ofVl is essentially stronger in thex50.15 crystal than
in the x50.20 and 0.25 ones. Similar changes have b

FIG. 5. Hysteretic behavior of internal friction in
La0.80Sr0.20MnO3 single crystal.
1-3
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reported in Ref. 10 for La0.835Sr0.165MnO3 and
La0.7Sr0.3MnO3 single crystals. This difference cannot be a
tributed to the change of the lattice symmetry, because be
90 K the values of the sound velocity in thex50.20 and 0.25
samples are very close to each other~see Fig. 1!, although
La0.80Sr0.20MnO3 is in the orthorhombic phase whil
La0.75Sr0.25MnO3 is in the rhombohedral one. Therefore, w
tentatively ascribe the change in temperature dependenc
Vl to the compositional metal-insulator transition. Unfort
nately we are not able to justify this supposition by a co
parison with theory, since a theory explaining how met
insulator transition influences the elastic moduli is seemin
absent.

B. Phase transitions

The anomalies observed onVl-T andQ21-T curves agree
with the positions of the magnetic and structural transitio
published earlier. Let us first consider La0.85Sr0.15MnO3.
There is a maximum of the internal friction at 375 K~Fig. 2!
when the transition occurs between the high-tempera
rhombohedral and orthorhombicPnma crystal structures
with parameters a55.546 A, b/A255.504 A, and c
55.518 A (T5300 K). Estimating Mn-O distances at 300
indicates JT distortions and hence anO8 phase. The maxi-
mum ofQ21 at the magnetic phase transition is weak; the
fore, no structural transformation occurs at the Curie po
At around 200 K, charge ordering takes place.16 Vasiliu-
Doloc et al.20 observed a transition from anO8 phase to a
O* phase in thex50.15 manganite at about 200 K. Ther
fore the charge ordering is accompanied by theO8-O* tran-
sition which explains the sharp maximum ofQ21.

The strong peak of the internal friction is seen atT
560 K, i.e., well below the point of theO8-O* transition.
Low-temperature peaks are observed in some metals w
they are explained by the dislocation relaxation.21 However
this mechanism is unlikely to realized in our case beca
the peak is completely absent in thex50.20 and 0.25
samples produced by the same method. We assume tha
peak at T560 K is caused by the transition from th
pseudocubicO* phase to an unknown phase; in samp
with greater Sr content this transition is absent. Our assu
tion is supported by the fact that in the range of 15–60 K,
thermal expansion in La0.85Sr0.15MnO3 exhibits a strong
anomaly, which is similar to the anomalies caused
Pnma-R3̄c or O8-O* transitions.12 The transition between
O* and the unknown phase is fuzzy~the peak width is abou
55 K!, so that, even atT56 K, there is a mixture of the two
crystal phases, which gives rise to the strong internal fricti

Now we turn to the first order transition atTS85400 K in
La0.80Sr0.20MnO3. The jump inVl at TS8 is an order of mag-
nitude less than that atTS , which points to a weak change o
the crystal lattice during this transition. Perhaps the sp
group does not change; in other words, this is a transi
between two phases that belong to one and the sameR3̄c
structure. The observed dependence of the transition t
perature and the hysteresis loop width on the number of
‘‘warming-cooling’’ cycles may be attributed to the relax
06442
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ation of the internal stress that was induced during
growth of the single crystal. Indeed, the relaxation happ
through the formation of defects that can play a role
nucleation centers. Decreasing the stress leads to a chan
TS8 , while the growth of the number of centers results in
decrease of the loop width and an increase of the so
damping.

C. Giant thermal hysteresis

The anomalies connected with thePnma-R3̄c transfor-
mation is distinct for thex50.20 sample. The giant width o
the thermal hysteresis loop indicates that under warm
from a temperature well below 104 K, the regions of t
Pnmaphase exist up to 350 K. AboveTS , the value ofQ21

~at a given temperature! is greater if the sample is heate
from liquid helium temperature than under cooling from
temperature in the paramagnetic region. Therefore, un
warming fromT,TS , there are additional centers of scatte
ing of sound waves up to 350 K, which confirms the ex
tence of thePnma inclusions in anR3̄c matrix up to 350 K.
When cooling from 350 K, thePnma inclusions are absen
down to a close vicinity ofTS .

Using the data of Fig. 4, we can roughly estimate t
relative volumee of orthorhombic inclusions in the rhombo
hedral matrix atT.TS . AssumingVl5Vl

rhom(1-e)1Vl
orthoe

and taking the differenceVl
rhom-Vl

ortho5260 m/s not to de-
pend onT, we find e'0.06 atT5200 K. Thus, even at a
temperature much greater thanTS, the orthorhombic inclu-
sions still occupy some percent of the sample volume.

D. Point defects

The anomaly at 400 K on theQ21-T curve for
La0.80Sr0.20MnO3 is observed on the background of the i
tense growth of the internal friction. Comparison with th
curve for La0.75Sr0.25MnO3 shows that in both samples w
deal with a strong peak ofQ21, but in thex50.20 crystal the
peak is beyond the temperature region in which the meas
ments were carried out. Similar maximum at temperature
395 K was found earlier in La0.60Eu0.07Sr0.33MnO3.9 The in-
crease of the Sr content reduces the peak temperature. S
reduction is, however, not large. Therefore these peaks of
internal friction are unlikely to be due to a structural tran
formation, since in the CMR manganites, the structural tr
sition temperatures strongly depend on the divalent ion c
tent. We may thus suppose that the peaks can be expla
by a relaxation process. In this case,

Q21}
vt

11~vt!2
, ~2!

wherev is the frequency,t5toexp(H/kBT), to is a constant,
andH stands for the activation energy. Using formula~2!, we
have treated the high-temperature peaks of the internal
tion and foundH for the La0.75Sr0.25MnO3 single crystal and
the La0.60Eu0.07Sr0.33MnO3 polycrystal. The activation energ
turns out to be the same for both samples:H50.65 eV. One
can see in Fig. 2~solid line! that the peak on thex50.25
1-4
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curve is well fitted with expression~2!. An activation energy
of 0.1–1.0 eV is characteristic of point defects.22 Taking into
account the high content of divalent ions and the tende
toward vacancy formation, we may suggest that the peaks
due to the complexes of point defects involving vacancies
is worth noting that the optical absorption caused by
transitions between energy levels of clusters formed by m
ganese and oxygen has already been reported, see, e.g.
23.

V. CONCLUSION

We have studied the temperature dependence of the s
velocity and internal friction in ferromagneti
La12xSrxMnO3 single crystals. The compositional meta
insulator transition has been found to be accompanied by
increase of the sound velocity and weakening its tempera
dependence. Such a behavior can be explained by inte
tions of the lattice with the charge carriers in theeg band,
which are absent atT,TC in La0.85Sr0.15MnO3 but present in
La0.80Sr0.20MnO3 and La0.75Sr0.25MnO3.
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Our experiments have revealed the anomalies that ca
caused by phase transitions not observed earlier, to
knowledge. It is likely that in La0.85Sr0.15MnO3, the transi-
tion between theO* phase and an unknown phase occurs
about 60 K. In La0.80Sr0.20 MnO3, the first order structura
transition, at which the change of the sound velocity is mu
less than during thePnma-R3̄c structural transformation
takes place at 400 K, which indicates that there two differ
rhomhedral phases.

The giant thermal hysteresis of the sound velocity a
internal friction has been found to be a specific feature of
Pnma-R3̄c transition. This means that in the CMR mang
nites, the boundary between the crystal phases is fu
Above 400 K, the relaxation peaks of the internal frictio
due to point defects have been found.
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