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Longitudinal sound velocity and internal friction in ferromagnetic La ;_,Sr,MnO4
single-crystal manganites
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We have studied the temperature dependence of sound velocity and internal friction in ferromagnetic
La; _,Sr,MnO; single crystalsx=0.15, 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 thgtsBg 1sMNO; undergoes a transition
between the O* phase and an unknown phase at about 60 K¢ k3rg,;MnO3, 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 thenmaR3c 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.
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I. INTRODUCTION that in fact there are two orthorhombic phases of Brema
symmetry: an O’ phase with strong JT distortions and a

The interest in lanthanum manganites;LgD,MnO;,  pseudocubi©* phase in which the JT distortions are absent.
with D being a divalent ioriCa, Sr, Ba, or Ph as well as in  No different rhombohedral phases have been reported so far.
the manganites of other rare earths is stimulated by the co- Yamada et al'® observed a low-temperature charge-
lossal magnetoresistané@MR) effect that is observed near ordering(CO) state in the crystals with around 0.125; in.
the Curie temperatur@c.*~° The characteristic feature of Particular Lg gsSt1dVinO; was found to undergo the transi-
the CMR manganites is the strong interaction betweerion into the CO state approximately at 200 K. The Curie
charge carriers in the, band, localized spins df,, elec- temperatu'reT'c of all the samples studied as well &g and '
trons, and the crystal lattice. As a result, the manganites unlco &€ within our temperature range of 6-425 K, so that it
dergo magnetic phase transitions, structural transformationi Possible to compare the effect of transitions of different
charge ordering, and a metal-insulator transition. AlthougHYP€s on the elastic properties. The-0.15 crystal is an
the role of the lattice in forming the properties of the CMR insulator at any temperature while tke-0.20 and 0.25 man--
compounds is universally recognized, the lattice propertie§anites are insulators in a paramagnetic state only, exhibiting
as such remain weakly investigated. The publications ofnetallic behavior in a ferromagnetic stafeTherefore we
sound propagation in these oxi@e€are not numerous, and €an also estimate how the elastic properties are influenced by
only some of them contain information on sound damping e metal-insulator transition. We paly special attention to the
There are a few papers dealing with the evolution of th¢€mperature hysteresis & and Q 7, and show that the
elastic moduli with the divalent ion concentratidfibut the  boundary betweePnma and R3c phases is fuzzy in the
change of the damping witk seems not to be studied yet. sense that the phases coexist in a very broad temperature
The interpretation of the experimental restfitwas made in  interval.
the frame of the ionic picture and based on the supposition Also we have observed anomalies that cannot be attrib-
that the temperature dependence of the moduli is due to theted to the known transitions. The analysis shows that some
Jahn-TellenJT) effect only. of the anomalies result from structural transitions not ob-

In this paper, we report on a systematic study of the temserved earlier and others are due to a relaxation process.
perature dependence of longitudinal sound velotftyand
internal frictionQ ™t in La; _,Sr,MnO; single crystals with
x=0.15, 0.20, and 0.25 in the temperature range of 6—425 Il. EXPERIMENT
K; the magnetization was also measuredk4f0.25, a man-
ganite of this family is in the orthor_hombic p_hasel?;hma floating-zone method; the details have been published
symmetry at low temperature, while the high-temperaturg,,jie/17 The as-grown samples used in our ultrasound ex-
phase is a rhombohedral phase of R&c space group!  periments were cylinders of about 30 mm long and 3 mm in
Doping reduces the temperatufrg of the PnmaR3c trans-  diameter. The cylinder axis was along the culio3] direc-
formation, and manganites witk greater than 0.25 are al- tion in thex=0.15 sample, alonfl111] in the x=0.20 crys-
ways in the rhomhedral phase. Kawaataal1® have revealed tal, and alond115] in the x=0.25 sample.

The Lg_,Sr,MnO; single crystals were grown by the

0163-1829/2002/66)/0644215)/$20.00 66 064421-1 ©2002 The American Physical Society



R. I. ZAINULLINA et al. PHYSICAL REVIEW B 66, 064421 (2002

6000 200 —
5600
— | 150 |
w J&&T —
‘E 5200 Yo
2 = 100}
g 4800 -
2 C
4400 ol x=0.20
o
4000 a
1 1 1 1 0 ! B , 1
0 100 200 300 400 500 0 100 200 300 400 500
Temperature [K] Temperature [K]

FIG. 1. Temperature dependence of the sound velocity of FIG. 2. Temperature dependence of internal fricti@n* of
La,_,SrMnO; single crystals measured at warming. Inset: thela;—SKLMnO; single crystals measured at warming. The solid line
sound velocity of thex=0.20 crystal neafl§ (the final curve after is the calculated curve by Eq. 2 with an activation energyHof
eight “warming-cooling” cycles. =0.65 eV. Inset:Q ™ !(T) nearTg in LaggeSl,MnO;; N is the

number of “warming-cooling” cycles.

The sound velocity and internal friction were determined

by the composite oscillator methdd.The resonance fre- manifests itself as a break on theT curves. On the curve

quency and quality of the mechanical system consisting of gor the Lg, 5,St, ,0MnOs, there is a discontinuity at 104 K

manganite sample and a quartz rod exciting longitudinal vi- = . .
brations were measured, and thénand Q=1 were calcu- caused by the structurB®InmaR3c transformation. There is

lated for the manganite. The frequency was of order 10 I_so another \_Nee_lkjump M' atTs=400 K see th_e Inset n
kHz. The measurements were carried out in helium gas at-'9" 1, which indicates a first-order transition. This transition

mosphere under warming and cooling with the rate of 15-3¢/aS not ob;served earlier. In the.z 0.25 ?Ompound: the
K per hour. The vibrating sample magnetometer was used fO§ound velocity decreases monotonically with increasing tem-

measuring magnetization. perature. .
g mag Figure 2 shows the temperature dependence of the inter-

nal friction Q! measured under warming. On the curve for
. RESULTS OF MEASUREMENTS the x=0.15 crystal, one can see the peaks at 60, 202, 227,

The magnetization curves of the manganites studied ar%nd 375 K. The last three maxima are obviously due to the

typical for a ferromagnet. The Curie temperatures deterSharge ordering, the Curie point, and tR@maR3c trans-

mined through Arrot-Belov curves are 232, 308, and 341 kformation, r.e.spectlvely. The peak at 60 K is likely to be due

for the x=0.15, 0.20, and 0.25 samples, respectively, whic© the transition between orthorhomi@x* phase and an un-

are very close to the values reported by Urushitetral} ~ known Iow—t_elmperature phase; see Sec. IV. _

The value of the resistivity and its temperature dependence On theQ =T curve for thex=0.20 manganite, there is a

are also quite similar to that observed by the authors of Refmaximum at 104 K caused by tfenmaR3c transforma-

14. tion and another weak maximum at 302 K due to the transi-
Figure 1 shows the temperature dependendé tdken at tion from a ferromagnetic state to a paramagnetic state.

warming. The Lgg:St, 1gMnO; manganite stands out owing WhenT>360 K, there is a strong increase of the internal

to the large change 0¥, with T. On the curve for thex  friction with the jump at temperature of 400 K. This jump

=0.15 sample, one can see the following anomalies: théeems to be due to superposition of a sharp peak centered at

deep minimum at 208 K related to the charge ordering, thd s and a monotonic curve.

weak minimum at 230 K due to a transition from a ferromag- The Q !-T curve for thex=0.25 crystal exhibits no

netic state to a paramagnetic state, and the minimum at 37ahomaly below the Curie temperature, and has a weak maxi-

K due to thePnmaR3c transformation. BelowT o, the ~ Mum nearTc. A further increase of temperature results in

sound velocity strongly decreases with growiRgout in the the ;trong increase of the internal friction, which reaches a

range from 50 to 100 K the derivatdV,/dT is small. Be- ~Mmaximum at 415 K.

sides the main resonance, we observed an addition resonanceSince thePnmaR3c transition is of first order, the the-

in the interval of 180—-240 K, which is likely to be due to mal hysteresis has to be observed. Figure 3 shows the hys-

inhomogeneity of thex=0.15 manganite, as discussed in teretic behavior of the magnetizatidin Lag goSty ,dMnO;.

Ref. 12. The transition temperature can be conveniently defined as a
The increase of the strontium content results in an inhalf-sum of the temperatures corresponding to the maximum

crease of the value and in a weakening of the temperaturglopes of the curvesM(T) recorded in the cooling and

dependence of the sound velocity. The Curie temperaturegarming; we then obtaiiTs=95 K. The noticeable ampli-
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FIG. 3. Magnetization of LggSry ,dMINO5 in the vicinity of the

PnmaR3c transition.
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FIG. 5. Hysteretic behavior of internal friction in a

Lag goShy 20MN0O; single crystal.

tude of the thermal hysteresis loop observed in the region of The temperature hysteresis was also observed in the vi-
technical magnetizatiortH{=3 kOe) points to the change of ity of T, but T and the width of the loop turned out to

the magnetic anisotropy under tlRnmaR3c transforma-
tion. In the true magnetization regiotE5 kOe) the dif-

depend on the prehistory of the sample, specifically on the
numbern of “warming-cooling” cycles in the range of 300—

ference in the magnetization values is only about 0.7 emu/g30 K. After eight cyclesT § was reduced from 420 to 400 K
The width of the thermal hysteresis loop is independerti of and the width was decreasedfi@ K to avalue less than 1
and approximately equal to 25 K. No thermal hysteresis IK: no further (1>8) change ofT; was observed. The inset

magnetization was observed
Lag 75510 2MINOs.

in dg@Sr 1g3VIN03

or

to Fig. 2 shows the reduction df and the increase @ *
with n. The value of the jump i, did not depend om and

Let us turn to the elastic properties. The temperature de very small, as follows from the fin&,-T curve in the inset

pendence oV, andQ? for Lag St ,gMNO; displays pro-
nounced hysteretic behavior connected with the structur

PnmaR3c transformation. Figures 4 and 5 show that the

at]o Fig. 1.

IV. DISCUSSION

hysteresis of elastic properties takes place in the range of

50-350 K, so that the width of the hysteresis 1¢800 K) is

The sound velocity, in a cylinder is determined by the

giant as compared with tHEs. The loop is asymmetrical: its Young's modulusE: V,= VE/p, with p being a density. In a

extent to higher temperaturésbout 250 K is much greater
than down to lower temperaturéabout 50 K. Similar hys-

single crystal, the Young’s modulus depends on the orienta-

teresis has been observed in #e0.15 crystal in the range symmetry one can writé

of 200-425 K. The curves/(T) and Q (T) for the
Lag 7551H..9MNO; measured under warming and cooling prac-

tically coincide.
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tion of the cylinder axis relative to crystal axes. For the cubic
1 C11tCip

1
E (cu1t2c1)(C11—C1o) i ( Cas
where P(n)=nZni+nZnZ+ninZ, and n is a unit vector
along the cylinder axis. It has been reported in Ref. 10 that in
Lag 5355l 16MN0O;5 single crystal,c,;=12.7x 10'* erg/cnt,
(C11-C1)/2=4.5X 10" erg/cn?, ¢ y=5.4x 10" erg/cn? at
T=200 K, S0 that E=[0.0907-0.037R()] !
X 10! erg/cn?. SinceP(n) cannot be greater than 1/3, we
infer that the elastic anisotropy of §.gssSrh 169MINO;3 IS
rather weak. Assuming this to be true for every ferromag-
netic crystal of the La ,Sr,MnO; family, we conclude that
our experiments give information on the first term in EL;
C44 as well as the dependence ons of minor importance.

1_

)P(n), @

C11—C12

A. Compositional metal-insulator transition and elastic moduli

We have already seen that an increase of the Sr content
leads to an increase M,, and that the temperature depen-

FIG. 4. Giant thermal hysteresis of the sound velocity in adence ofV, is essentially stronger in the=0.15 crystal than

Lag goSr.2gVINO;3 single crystal.

in the x=0.20 and 0.25 ones. Similar changes have been
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reported in Ref. 10 for LggsSlh16MNO; and ation of the internal stress that was induced during the
Lag -Sty sMnO; single crystals. This difference cannot be at-growth of the single crystal. Indeed, the relaxation happens
tributed to the change of the lattice symmetry, because belogirough the formation of defects that can play a role of
90 K the values of the sound velocity in tke-0.20 and 0.25 nucleation centers. Decreasing the stress leads to a change in
samples are very close to each otheee Fig. 1, although Ts, while the growth of the number of centers results in a
Lag goSlh,gVINnO3 is in the orthorhombic phase while decrease of the loop width and an increase of the sound
Lag 7551 ,MnO; is in the rhombohedral one. Therefore, we damping.

tentatively ascribe the change in temperature dependence of

V, to the compositional metal-insulator transition. Unfortu- C. Giant thermal hysteresis

nately we are not able to justify this supposition by a com- ) ) —

parison with theory, since a theory explaining how metal- 1h€ anomalies connected with tiRnmaR3c transfor-

insulator transition influences the elastic moduli is seeminglynation is distinct for thec=0.20 sample. The giant width of
absent. the thermal hysteresis loop indicates that under warming

from a temperature well below 104 K, the regions of the
Pnmaphase exist up to 350 K. Abovks, the value ofQ ~*
B. Phase transitions (at a given temperaturds greater if the sample is heated
from liquid helium temperature than under cooling from a

The anomalies observed 8T andQ™*-T curves agree temperature in the paramagnetic region. Therefore, under
with the positions of the magnetic and structural transitions P P 9 gton. '

ublished earlier. Let us first consider ; nO,.  warming fromT<Tg, there are addmopal centers of scatter-
'FI)'here is a maximum of the internal frictiondg?si‘a%(dl\gig. 3) ing of sound Wavgs UD_tO 350 K, which C_O”f'rms the exis-
when the transition occurs between the high-temperaturience of thePnmainclusions in arR3c matrix up to 350 K.
rhombohedral and orthorhombienma crystal structures When cooling from 350 K, th&nmainclusions are absent
with parametersa=5.546 A, b/\2=5.504 A, and ¢  down to a close vicinity offs. _
—5.518 A (T=300 K). Estimating Mn-O distances at 300 K USing the data of Fig. 4, we can roughly estimate the
indicates JT distortions and hence @\ phase. The maxi- relative volu_mee of orthorhomb_|c mclu&gns in the rhct>'|1”nbo-
mum of Q ~* at the magnetic phase transition is weak; therel€dral matrix afr>Ts. AssumingV,=V["*"(1-¢) + V"%
fore, no structural transformation occurs at the Curie pointand taking the differenc/["°™-Vf""°=260 m/s not to de-
At around 200 K, charge ordering takes plagevasiliu- pend onT, we find e~0.06 atT=200 K. Thus, even at a
Doloc et al? observed a transition from a@’ phase to a temperature much greater thag, the orthorhombic inclu-
O* phase in thex=0.15 manganite at about 200 K. There- sions still occupy some percent of the sample volume.
fore the charge ordering is accompanied by @eO* tran-
sition which explains the sharp maximum @f 2. D. Point defects

The s_trong peak of the int_ernal frict,ion* is seen Tat The anomaly at 400 K on theQ '-T curve for

=60 K, i.e., well below the point of th&’-O* transition. Lag sSt ,gMNOs is observed on the background of the in-
Low-temperatqre peaks are.obser.ved in some metals Whef@nse growth of the internal friction. Comparison with the
they are explained by the dislocation relaxatfotHowever curve for La S ,MnO, shows that in both samples we

this mechanism is unlikely to realized in our case becausq, ith a strong peak @, but in thex=0.20 crystal the
the pleak |sdcomdpltt)atetlt31/ absent 'nt;h(;:?/\'/zo and 0.t2h5tt eak is beyond the temperature region in which the measure-
samples produced by the same method. VVe assume tna nts were carried out. Similar maximum at temperature of

peak atT=60 K is caused by the transition from the 395 K was found earlier in LggsdEUy oSt sMnOs.2 The in-

. * . 1
pseudocubicO® phase to an unknown phase; in Sarnplescrease of the Sr content reduces the peak temperature. Such a

with greater Sr content this transition is absent. Our assump N
S . eduction is, however, not large. Therefore these peaks of the
tion is supported by the fact that in the range of 15-60 K, thq g P

h | 7 S o hibi nternal friction are unlikely to be due to a structural trans-
t ermal expﬁnﬁlo_n n l?f-a% ro-lthn 3 exn I!ts a strorég b formation, since in the CMR manganites, the structural tran-
anomaly, which is similar to the anomalies caused bygiiqn temperatures strongly depend on the divalent ion con-

PnmaR3c or O’-O* transitions:” The transition between tent. We may thus suppose that the peaks can be explained
O* and the unknown phase is fuzéfe peak width is about py a relaxation process. In this case,

55 K), so that, even af=6 K, there is a mixture of the two
crystal phases, which gives rise to the strong internal friction. oT

Now we turn to the first order transition =400 K in Tl ———, )
Lag St 2gMNO;5. The jump inV, at T is an order of mag- 1+ (wr)
nitude less than that dts, which points to a weak change of wherew is the frequency.= r,expH/ksT), 7, is a constant,
the crystal lattice during this transition. Perhaps the spacg@ndH stands for the activation energy. Using form(23 we
group does not change; in other words, this is a transitiomave treated the high-temperature peaks of the internal fric-
between two phases that belong to one and the fRBwe  tion and foundH for the La 7551 ,gMINO;3 single crystal and
structure. The observed dependence of the transition tenthe La ¢EUy 7SI 33MNO3 polycrystal. The activation energy
perature and the hysteresis loop width on the number of thaurns out to be the same for both samplds: 0.65 eV. One
“warming-cooling” cycles may be attributed to the relax- can see in Fig. Zsolid line) that the peak on th&=0.25

064421-4



LONGITUDINAL SOUND VELOCITY AND INTERNAL . .. PHYSICAL REVIEW B 66, 064421 (2002

curve is well fitted with expressiof2). An activation energy Our experiments have revealed the anomalies that can be
of 0.1-1.0 eV is characteristic of point defeétgaking into  caused by phase transitions not observed earlier, to our
account the high content of divalent ions and the tendencknowledge. It is likely that in LggsSry 1sMnO;, the transi-
toward vacancy formation, we may suggest that the peaks at®n between th@©* phase and an unknown phase occurs at
due to the complexes of point defects involving vacancies. labout 60 K. In LggeSrh 0 MnO;3, the first order structural
is worth noting that the optical absorption caused by thdransition, at which the change of the sound velocity is much
transitions between energy levels of clusters formed by mantess than during th@nmaR3c structural transformation,
ganese and oxygen has already been reported, see, e.g., Rgkes place at 400 K, which indicates that there two different
23. rhomhedral phases.
The giant thermal hysteresis of the sound velocity and
V. CONCLUSION internal friction has been found to be a specific feature of the

We have studied the temperature dependence of the souﬁwm&R:gc transition. This means that in the CMR manga-
velocity and internal friction in  ferromagnetic nites, the boundary between the crystal phases IS fL.JZZy'
La, ,StMnO; single crystals. The compositional metal- Above 400 K, the relaxation peaks of the internal friction

insulator transition has been found to be accompanied by thdU€ to point defects have been found.
increase of the sound velocity and weakening its temperature
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