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X-Ray diffraction, acoustic, and thermal investigations of La,CuQ, single crystals were
employed to determine the tetragonal-orthorhombic transition and anomalies in the temperature
dependence of the absorption and velocity of longitudinal sound, which are governed by the
interaction of the acoustic and optical branches of the phonon spectrum of La,CuO,. The
different values of the temperatures of these features are attributed to the deformation of the
optical soft mode of the phonon spectrum due to the different atomic composition of the dopants

added to the single crystals.

It is well known that the superconducting compound
La,CuO, undergoes a number of transformations, whose
temperatures depend on the impurities in the material, in the
temperature interval 4.2-535 K.*® For example, the tem-
perature T, of the crystallographic tetragonal-orthorhombic
transition in the compound La, _,Sr,CuO, changes from
535to 4.2 K as the Sr concentration is increased to 0.2. In
the case of some impurities (Ba) different crystallographic
transformations also occur at temperatures below 100 K.>’

The crystal structure of La,CuQ, is shown in Fig. 1. At
high temperatures it is a body-centered tetragonal structure
with the space group 14/mmm and the composition of the
unit cell is described by the formula La,CuQO,. The CuQOq
octahedron, marked by the arrows in Fig. 1, can rotate
around the 011 and 01T axes. A second-order transition into
the orthorhombic phase occurs as a result of this rotation.
The transition is accompanied by doubling of the lattice and
composition of the unit cell. Neutron-diffraction studies*>-®
have shown that this transition is brought about by the soft-
ening of the optical phonon branch. The dispersion curves of
this branch are presented in Fig. 2. The properties of this
optical phonon mode are the subject of this paper.

In previous work, '° while studying the acoustic charac-
teristics of a La,CuQ, single crystal, grown in Li,B,05 flux,
we discovered anomalies in the temperature dependence of
the absorption and velocity of longitudinal sound at 100-150
K (low-temperature feature). The dependences obtained
were determined more accurately in Ref. 11, and it was con-
jectured there that the appearance of these features is asso-
ciated with possible instability of the soft mode. It was subse-
quently shown in Ref. 12 that the observed features of the
acoustic characteristics can be explained by taking into ac-
count the interaction of the optical soft mode with the acous-
tic mode in the region where these branches of the phonon
spectrum intersect. Analysis of the form of the acoustic fea-
tures then makes it possible to determine more accurately
the type of optical-mode vibrations with which the acoustic
vibrations mainly interact.

In this paper we present in detail all of the results of the
investigation performed, including those obtained for a sin-
gle crystal grown by a different technique. It was established
that not only the temperature 7|, of the tetragonal-ortho-
rhombic transition but also the temperature of the low-tem-
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perature feature depends significantly on the presence of im-
purities in the sample. If the temperature T, increases when
the impurity concentration decreases, then the temperature
of the low-temperature feature T, decreases. This indicates
that a nontrivial deformation of the low-lying optical mode
occurs as a result of the presence of foreign atoms in the
crystal lattice.

Experimental procedure

The objects of investigation were La,CuQ, single crys-
tals grown in Li,B,05 or CuO melt. These samples are
designated below as LCO(Li) and LCO(Cu), respectively.
Single crystals of LCO(Li) were grown by A. P. Voronov at
the Khar’kov Physicotechnical Institute of the Academy of
Sciences of the Ukrainian SSR. The crystals were grown in a
platinum crucible by drawing the crystal out of the melt on a
platinum wire. The obtained crystals had dimensions of
3X3X 5 mm?>. In this work we employed two samples, cut
from the grown crystal. A 10X5X5 mm?® LCO(Cu) single
crystal was grown by the procedure of Ref. 13 in the labora-
tory of S. N. Barilo.

Samples machined into ellipsoids with semiaxes of
0.145, 0.181, and 0.185 mm were used for structural x-ray
diffraction studies on an automated Enraf-Nonius CAD4F
diffractometer (Ag Ka radiation, A = 0.5609 A, graphite
monochromator) in the temperature interval 100-480 K.

Measurements of the heat capacity were performed in a
vacuum calorimeter with an inertial heat screen with a heat-
er. The working heater and thermocouple were mounted di-
rectly on the sample, which had a mass of ~40 mg.

The acoustic characteristics of the crystals were mea-
sured at temperatures from 4.2 to 360 K at frequencies of 10,
20, 50, 60, and 150 MHz. Apparatus constructed according
to the principle of a pulsed acoustic bridge, which has a mea-
suring arm containing the sample with piezoelectric trans-
ducers and a signal comparison arm, including changeable
attenuator and phase shifter, were used in the measure-
ments. Pulses, cut from the continuous oscillations of an hf
oscillator, appeared at the output detector approximately
simultaneously. The pulses could be tuned so as to achieve
complete cancellation at the receiver unit by adjusting the
amplitude and phase in the comparison arm. The amplitude
and phase were adjusted automatically in the comparison
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FIG. 1. The structure of La,CuO,. The crystal structure changes as the
CuOg octahedron (indicated by the arrows) rotates.

arm with the help of two servosystems. This made it possible
to record at the same time during the experiment the change
in the velocity and damping of the sound. The setup is de-
scribed in detail in Ref. 14. Two devices were employed in
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FIG. 2. The dispersion curves in the direction (££0) in La,CuO, from
Ref. 4. The classification of the modes is taken from Ref. 9. The tetra-
gonal-orthorhombic transition occurs with vanishing of the 2, mode at
the cell center (1/2, 1/2, 0). The measurements were performed at the
temperatures 295.78 K (a), 573 K (b), 473 K (c), and 423 K (d);
T,=423K.
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this work: one for performing measurements at 10 MHz and
the other for performing measurements at 20-150 MHz.
Plane-parallel slabs, whose planes were perpendicular to a
selected crystallographic direction, were cut from the crys-
tals for the measurements. Slabs of LiNbO; were used as
emitter and detector.

Results

A preliminary x-ray diffraction analysis’ of the
LCO(Li) crystal showed that at 300 K the lattice constants
are equal to a = 5.3845 A, b = 5.35228 A, and ¢ = 13.1490
A and the disorientation of the blocks was less than 5. Anal-
ysis of the composition of LCO(Li),'* performed by the
Rutherford-backscattering method and according to the
yield of a particles produced in the reaction Li(p, a) caused
by a beam of 650 keV channeling hydrogen atoms with a
divergence of less than 0.01°, revealed the presence of Li
atoms in an amount equal to 2 mass % in the La—Cu chains.
These data were not sufficient to determine whether the Li
atoms occupied interstitial positions or replaced Cu atoms.

A more accurate structural analysis made it possible to
find the parameters of the unit cell. They were determined
from 25 distant reflections ([sind]/A=0.7 A~'):
a=15.362(1),b=5.372(1),andc = 13.124 (3) A. Analy-
sis of two-dimensional w/2+ scans of specially selected re-
flections showed that the crystal is divided into twins along
the (110) and (110) planes. Approximately 3683 reflections
were measured in the reciprocal-space hemisphere with ra-
dius 1.145 A~'. Of these, 652 were independent with
I>30(I). A correction for absorption was introduced by
Gaussian quadrature (u = 146.0cm™ ', R,, = 0.049).

A detailed analysis of systematic extinctions in the dif-
fraction data, taking into account twinning, made it possible
to identify unequivocally the space group of symmetry
Abma. The ratio of the volumes of the components of the
twin was determined from the ratio of the intensities of re-
flections of the type (24 + 1, 2k, 21), (2h, 2k + 1, 2]), (2h,
2k + 1, 2]), and (2h + 1, 2k, 2] + 1), since only separate
components of the twin scatter at these sites (at other sites
both components scatter simultaneously):

I(2n+1,2m, 21)/I(2m, 2n+1,21)

=—1(2n, 2m+1, 21+1)/1(2m+1, 2n, 21+1).

For the LCO(Li) sample studied this ratio was equal to
0.69:0.31.

In order to refine the model of the structure, a definite
value of the ratio of the volumes of the components of a twin
was used to identify the contributions of separate compo-
nents to reflections containing information about scattering
from both components of the twin. The model of the struc-
ture was refined by the method of least squares using the
crystallographic programs PROMETHEUS.'® The refine-
ment of the model of the structure with 100% filling of the
positions for all crystallographically independent atoms in
the anisotropic approximation gave an R-factor = 0.023.
From the data of Ref. 15 it was known that foreign Li atoms
are present in the crystals. In order to determine the location
of these atoms in the lattice the fill ratios for all atoms were
refined. The results of the refinement showed that only the
Cu atoms do not fill their positions completely
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[g=0.92(1)], and the R-factor dropped from 0.023 to
0.017.

If the Li atoms occupied precisely the same positions as
the Cu atoms, then it would be possible to recompute or
refine the ratio of Cu and Li atoms in this position simply by
recalculating or refining the model with a mixed scattering
curve for the positions of the Cu atoms (recalculation gives
the value ¢ = 0.91, which is equal to, within a standard devi-
ation, the value obtained above). However the Cu-O dis-
tances in the CuQO, plane are equal to 1.9 A, and they are
short in the case when Cu atoms are replaced with Li atoms.
It can be conjectured that the Li atoms are displaced from
the CuO, plane in the direction of apical oxygen along the
Cu-O-La chain by 0.3-0.4 A, and thereby occupy positions
in a semi-octahedron with the distance from the oxygen
atoms equal to about two angstroms, which is characteristic
for Li atoms.

Analysis of the map of difference syntheses of the elec-
tronic density near the proposed Li position did not give any
additional arguments in support of this hypothesis; the Li
atoms have only three electrons and they would have to oc-
cupy this position with a 4% probability (this is 0.12 elec-
trons, which is at the noise level on the maps of the difference
electron density). Since, however, we did not observe a cop-
per deficit in any of the samples of lanthanum cuprates
which we studied previously,'® we can assert quite confi-
dently that in this crystal 9% of the Cu atoms are replaced
with Li atoms and the latter atoms occupy a position shifted
from the copper position in the direction of apical oxygen by
0.3-0.4 A. The concentration of Li atoms which was ob-
tained by the method of structural analysis, equal to
9 + 1%, satisfactorily agrees with the recalculation of the
data of Ref. 15, which gives 10-11%.

At 273 K the LCO(Li) crystals belong to the ortho-
rhombic system and are twinned along the (110) and ( 110)
planes. The twinning effect can be clearly seen by recording
the profiles of the diffraction reflections of the type 4420
(A = 0.4 between the extreme components in Fig. 3a). The
profiles of the 440 reflection, which were recorded on a
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CAD4 automated diffractometer (Mo Ka radiation, pyroly-
tic graphite monochromator; the Ka, component was sepa-
rated with an aperture detector) in the temperature interval
130-250 K and for the range 273-333 K, are presented in
Fig. 3a. Figures 3b and ¢ show the temperature dependence
of the FWHH of the reflection 440. When the LCO(Li)
crystal is heated up to 318 4 2 K the splitting characteristic
of twinning vanishes and the crystal transforms into the te-
tragonal phase at the temperature 7,,. When the temperature
is lowered the splitting of the components of the twin is com-
pletely restored.

The LCO(Cu) crystal transforms into the tetragonal
phase at a higher temperature, which for samples cut from
the same single crystal falls in the range 451-469 K. Hystere-
sis ( ~2 K) of the phase transition temperature is observed.
When the samples are first heated appreciable redistribution
of the intensities of the separate components of the twin oc-
curs in them at temperatures 7' < T, below the phase-transi-
tion point. This redistribution is not recovered when the
samples are cooled to room temperature. Subsequent heat-
ing and cooling cycles no longer change the pattern that
emerged after the first cycle, if in so doing the temperature is
not raised above the transition point 7,

Measurements of the heat capacity of LCO(Li) showed
the presence not only of a A-like fluctuation maximum of the
amplitude of about 1.5% at T, but also that a systematic
increase (by ~1.4%) of the heat capacity after the sample
transforms into the orthorhombic phase with the average
heat capacity ~0.4 J/g-K is possible.

Measurements of the heat capacity of the LCO(Cu)
sample performed after the sample has been repeatedly an-
nealed up to 500 K, showed the presence of only a fluctu-
ation maximum with an amplitude of about 3% at T,

In the region of the tetragonal-orthorhombic transition
at ~ 325K clearly pronounced features of the acoustic char-
acteristics, typical for second-order phase transitions, are
observed in the LCO(Li) samples (Fig. 4). The significant
anisotropy of the effect is interesting. The main changes of
the velocity of sound occur for sound propagation directions

FIG. 3. a) Temperature dependence of the profile of the 440 reflec-
tion for LCO(Li); b, c) temperature dependence of the FWHH of
the 440 reflection. b) LCO(Li) crystal; ¢) one of the samples of the
LCO(Cu) crystal (heating). The vertical line is the temperature of
the tetragonal-orthorhombic transition.
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FIG. 4. Temperature dependence of the absorption & and
velocity ¥ of sound with frequency 50 MHz near the tetra-
gonal-orthorhombic transition in the crystal LCO(Li). At
270 K Vg Vi and ¥V, are equal to, respectively,
(43+0.2)-10°, (4.8+0.2)-10°, and (5.7+0.2)-10°
cm/s.
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lying in the ab plane, in which the lattice parameters change
at the tetragonal-orthorhombic transition. A sharp A-like
feature, predicted in the theory of Ref. 18 for second-order
phase transitions, can be seen on the absorption curves in the
case of sound propagation along the 100 axis.

A number of additional features, whose location and
amplitude changed when the sample was remounted in the
acoustic holder, can be seenon the absorption curves. These
additional features, like the deformation of the AV /¥ curves
from one experiment to another, most likely indicate the
appearance of mechanical stresses in the sample, which
make the transition more complicated and lead to the ap-
pearance of twinning boundaries and additional features as-
sociated with the motion of these boundaries.

Acoustic investigations of the LCO(Li) single crystal
in the interval 4.2-260 K led to the observation of sharp
anomalies in the temperature dependence of the absorption
and velocity of sound at 100-150 K (Fig. 5). These features
differ from-those observed in the region of the tetragonal-
orthorhombic transition primarily by the fact that there is no
sharp A-like maximum on the absorption curve; in addition,
the anisotropy of the change of the sound velocity has a dif-
ferent form. Sound absorption in this temperature range
changes, to a first approximation, in proportion to the sound
frequency and not the frequency squared, as is usually ob-
served in crystals at low temperatures (Fig. 6).

For the LCO(Cu) single crystal the low-temperature
anomaly in the acoustic characteristics, especially in the
temperature dependence of the sound velocity, is several
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times smaller. The anomalies are appreciably shifted in the
direction of lower temperatures (Fig. 7). Thus in the case of
the LCO(Li) single crystal the characteristic features (max-
imum of the sound velocity or minimum of the sound ab-
sorption in the 100 direction) occur at 120-130 K, whereas
in the LCO(Cu) single crystal they are shifted into the re-
gion 60-75 K.

Laegreid et al.'® investigated the acoustic characteris-
tics of a La, g Sry,, CuO, single crystal for longitudinal
sound having the frequency 13 MHz and propagating along
the 100 axis. They observed anomalies at 255 and 110 K.
They identified the anomalies at 255 K with the tetragonal-
orthorhombic transition. They did not determine the nature
of the anomaly at 110 K, though a change in the intensity of
the reflections of the orthorhombic lattice and a change of
the characteristic frequency of an oscillator made from the
crystal were observed in the same temperature range. It is
very likely that this anomaly is of the same nature as the low-
temperature anomalies that we observed at 7.

Discussion

We now examine the tetragonal-orthorhombic transi-
tion in La,CuQ,. The temperature of this transition, as fol-
lows from the data presented in Figs. 3 and 4, can differ
somewhat, even if the samples were prepared from the same
starting single crystal. Thus the temperature 7,,, determined
from the acoustic and heat capacity measurements on the
same single crystal, is virtually the same (325 K), but struc-

Loz FIG. 5. The temperature dependence of the absorption a and

velocity V of sound with frequency 50 MHz near the low-tem-
perature feature in LCO(Li). The values of V,,, V,,, and ¥,
at 42 K are equal to, respectively, (4.3 +0.2)-10°%
(5.04+0.2)-10% and (6.8 + 0.2)-10° cm/s.
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FIG. 6. The frequency dependence of sound absorption a in LCO(Li)
at 120 K.

tural measurements on a grain of the same single crystal
yield T, = 318 4+ 2 K. Analogously for the LCO(Cu) crys-
tal the value of T, for two grains of the same crystal differed
by 14 K. All this, and also experiments on the effect of heat-
ing on the details of the change in the structure of the sample
with temperature, indicates the possible existence of addi-
tional factors (internal stress, nonuniform distribution of
impurities, etc.), which complicate the details of the transi-
tion and make it impossible to compare these data with the
results of the theory of second-order phase transitions. Mea-
surements of the heat capacity showed that the possible dif-
ference between the heat capacities of the tetragonal (for
T>T,) and orthorhombic (for T < T,)) phases is, evidently,
less than indicated previously in Ref. 6, if prior to the mea-
surements the sample was made homogeneous by means of
repeated annealings up to 7> 7T,

The published data, obtained from comparison of ex-
periments on ceramic samples,® on the dependence of the
temperature 7, on the concentration x of foreign atoms in
the La,CuQO, lattice do not make it possible to find a smooth
dependence T, (x), even for the single impurity Sr. This re-
flects the uncertainty of the properties of the ceramic sam-
ples. If, however, the characteristics of only single-crystal-
line samples are studied, then, as one can see from Fig. 8, the
dependence of 7, on the concentration x of foreign atoms in
the crystals does not depend on whether this atom is Sr, Ba,
or Li. This reflects the fact that the decrease in 7, is primar-

Aa,dB/cm

400
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FIG. 8. Features of the characteristics of La,CuQ, with different foreign
atoms introduced into the crystal. The solid curve represents the tetra-
gonal-orthorhombic transition according to Ref. 3, the dotted curveis 7,
of the low-temperature feature, and the dashed curve represents the tran-
sition into the new tetragonal phase of samples with the impurity Ba (Ref.
7), St—@® (Ref. 6), & (Ref. 8), and B (Ref. 19); Li—O (Ref. 5); X and
O are our data; Ba (polycrystal)—A (Ref. 7).

ily associated with the weakening of the O-La bond, which
can be caused both by the replacement of La atoms with Sr or
Ba atoms and incorporation of Li into the chain La—-O-Cu
and, as a consequence, makes rotation of the CuQ, octahe-
dron easier. The dependence T,(x) can be used to deter-
mine, on the basis of the assumptions made, the concentra-
tion of defects in the LCO(Cu) sample also from the value of
T,. The result of such an estimate shows that in this crystal
x =0.035(5).

We now discuss the low-temperature acoustic features.
Asshown in Ref. 12, they could be associated with the inter-
action of the acoustic branch of the phonon spectrum with
the optical branch. At k=0 the optical modes of the
La,CuO, crystal form six one-dimensional and six doubly
degenerate E(2E, + 4E, ) representations of the group D,,, .
The energy spectrum of the phonons for small k #0 for the E
mode is given by

=72
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FIG. 7. Temperature dependence of the absorption a and
velocity ¥ of sound with frequency 50 MHz near the low-
temperature feature in LCO(Cu). The values of V,,, and
V,,, at 4.2 K are equal to, respectively, (5.2 + 0.2)-10° and
(5.540.2)-10° cm/s.
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o?(k, p')=(1)0E2+cE2'YihE(nv M)kikiu n=k/lk|, u==1.

The tensors 7, and y5 determine the geometric properties
of the isoenergetic surfaces y,, k;k, = const. It is convenient
to classify the E modes, which have two mutually perpendic-
ular polarization vectors, in terms of the properties of the
geometric cross sections of the isoenergetic surfaces, lying in
the basal plane. The cross sections form a figure with sym-
metry C,, [E(C,,) mode] or D,, [E(D,,) mode]. The
symmetry axes for different 4 = + 1 are mutually perpen-
dicular. For the E(C,,) mode they are directed along the
diagonals of the base of the unit cell and for the E(D,,)
mode they are directed along the edges of the base. A calcu-
lation leads to the following expression for the experimental-
ly measured quantities:

AV(T) 100 + AV(T)uo

A= V(0) 110

=A/(T)+ A1), (1)

where AV(T) = V(T) — V(4,2K); for T < fiw,; (Ref. 12)
AZ(T)GT‘(ﬁon/T)l/’exp(—h(ow/T), (2)

In the expression (1) A4, is small in proportion to the param-
eter (V10— Vioo)/Vio- This makes it possible to deter-
mine, by comparing theory with experiment, both to deter-
mine the type of E mode responsible for the observed
anisotropy and to clarify the value of the parameters charac-
terizing it. If 4,> A, holds, then A(T) is positive in the case
of the interaction with the E(C,, ) mode and negative in the
case of the interaction with the E(D,, ) mode in the tempera-
turerange 7> #iw, ;. Figure 9 shows the results of a compari-
son of the experimentally obtained dependence A(7) with
calculations based on the relation (2), neglecting the contri-
bution of 4,. One can see that for the LCO(Li) sample the
disagreement between experiment and calculation is small,
whereas in the case of LCO(Cu), for which the magnitude of
the features is an order of magnitude smaller, the disagree-
ment between experiment and calculation is significant. This
is probably attributable to the fact that in this case the term
A, makes an appreciable contribution to the relation (1).
The characteristic energies, obtained by fitting, of the opti-
cally soft phonons of the optical branches for LCO(Li) and
LCO(Cu) are equal to 124 and 58 K, respectively.

As indicated above, the absorption of sound in the re-
gion of the low-temperature feature and possibly in the re-
gion of the tetragonal-orthorhombic transition changes, to a
first approximation, in proportion to the sound frequency

and not in proportion to the frequency squared, even though
for the phonon system the condition w7,, <1 is satisfied,
where 7,, is the characteristic relaxation time in the phonon
system and is determined, for example, from the thermal
conductivity."!

The frequency dependence of sound absorption with an
exponent less than two is usually associated to the presence
of a multilevel system, as, for example, occurs in glasses. In
this case such a system can be associated to defects of the
crystal structure, which arise because of the Li atoms which
evidently occupy positions other than the lattice sites. It is
also possible that rotation of the CuO, octahedra play a sig-
nificant role in the regions of softening of the optical mode
near T, and T),,.

In studying the position T, of the low-temperature fea-
ture for the system La, M, CuO, for different impurities
M we shall employ, aside from our results, the published
data for the impurities Sr (Ref. 19) and Ba (Ref. 7). T},
decreases as the impurity concentration x decreases (see
Fig. 8) for all impurities M = Li, Sr, Ba. However, the am-
plitude of the low-temperature feature depends on the atom-
ic composition of the dopants in the single crystal. Thus for
x = 0.1 the change of the sound velocity near 7). is equal to
less than 1% for M = Sr and about 5% for M = Li. In the
case M = Ba another tetragonal phase appears as a result of
the new rotation of the CuQOg¢ octahedron. In Fig. 8 the new
tetragonal phase exists in the region below the dashed line.”

Itis very likely that the specific nature of the soft optical
mode of the phonon spectrum of La,CuQ, is responsible for
all these features. At T, the mode vanishes and the samples
transform from the tetragonal phase into the orthorhombic
phase. The temperature T, corresponds to the energy at
which the mode goes soft as a result of its intersection with
the acoustic branch of the spectrum. This energy is close to
wor (k= 0). If this point of view is adopted, then the data
given in Fig. 9 indicate the existence of a nontrivial deforma-
tion of the optical mode as a result of the presence of dopants
in the matrix of the crystal: as fiw = T}, increases (as x in-
creases) the temperature 7, at which the mode vanishes de-
creases. This question merits further study.

Softening of the phonon mode at T',, can be accompa-
nied by a change in the other characteristics of La,CuO,
crystals. In particular, the magnetic characteristics of these
crystals can be expected to change. The data presented in
Fig. 10, which were obtained with the help of a SQUID mag-
netometer, show that while the temperature dependence of

A(T)102
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A(T)-10 048]
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0,76 - FIG. 9. Comparison of the experimental depend-
/ 0,80 7 ence A(T) (solid curve) with the fit according to
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/ =G 16 - Y LCO(Cu)—bottom.
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FIG. 10. The temperature dependence of the magnetization M of two
samples in a magnetic field of 300 Oe. La,CuO,(Li)—O and
La,CuO,(Cu)—A.

the magnetic moment of the LCO(Li) sample is qualitative-
ly similar to that of the LCO(Cu) sample the temperature
dependent part of the curve is shifted in the direction of low
temperatures for the sample with the lower value of T,.

Conclusions

The comprehensive investigation of La,CuO, single
crystals performed in this work with different dopant ele-
ments and comparison with other investigations of single-
crystalline samples have made it possible to show that both
the temperature of the tetragonal-orthorhombic transition,
associated with vanishing of the optical mode at T}, and the
temperature 7, of the low-temperature feature, associated
with softening of the optical mode as it intersects with the
acoustic branch of the phonon spectrum, are displaced, to a
first approximation, identically for different elements (Sr,
Li, Ba) introduced into the matrix of the crystal. The change
in the properties of the crystal at T, depends on the dopant,
and increases in the order of the elements presented above.
In the case of Sr only a weak (less than 1% ) change of the
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sound velocity is observed; in the case of Li this change
reaches 5%:; and, in the case of Ba the crystal transforms into
anew tetragonal modification.” The deformation of the soft
optical mode, with which all these changes are probably as-
sociated, is nontrivial: when foreign atoms are introduced
into the crystal the temperature T, at which the mode van-
ishes decreases and the energy @ with k=0 increases.
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