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Brillouin-Scattering Evidence for a New Phase Transition in Perovskite Crystals: PrAlO;

P. A, Fleury, P. D. Lazay, and L. G. Van Uitert
Bell Labovatories, Muvrvay Hill, New Jevsey 07974
(Received 17 June 1974)

Brillouin scattering experiments have revealed a new structural phase transition in
PrAlO; at 118 K, in which strain is the sole order parameter. This fact, together with
the second-order nature of the transition, suggests that it belongs to a class of struc-
tural transitions first delineated nearly ten years ago by Anderson and Blount.

The cubic perovskite family of solids is well
known to be potentially unstable toward structural
phase transitions driven by soft phonon modes.*!
Several such purely lattice-dynamical phase tran-
sitions have been observed, driven by both Bril-

louin-zone -center! and -zone-boundary soft modes.

PrAlO,, for example, undergoes a cubic-rhombo-
hedral transition at 1320 K driven by a soft R-
point phonon.? In this respect it is similar to
LaAlQq and several other members of the perov-
skite family.® However, because of the interac-
tion between the Pr3* 4f electronic levels and the
PrAlQ; lattice phonons, two additional structural
phase transitions are known to occur as the tem-
perature is lowered: a first-order rhombohedral -
orthorhombic transition at 205 K, and a second-
order orthorhombic-monoclinic transition at 151
K.2'4

We report here a new structural phase transi-
tion, of second order, at 118.5 K, which is driv-
en by a soft transverse acoustic phonon. Despite
several previous careful studies by a wide vari-
ety of techniques (optical absorption®® and fluo-
rescence,” neutron®® and Raman scattering,? x-
ray,” ESR,® specific heat,® and refractive index®
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measurements) this transition has remained here-
tofore undetected. This fact, together with the
extremely large (~99%) acoustic anomaly ob-
served in our Brillouin scattering experiments,
strongly suggests that strain is the sole order
parameter for this transition. Since the transi-
tion is apparently second order and involves a
change of crystal symmetry, we suggest that this
transition belongs to a class of structural tran-
sitions first delineated nearly a decade ago by
Anderson and Blount.'* Furthermore, it lies en-
tirely outside the framework of present theories®®
of PrAlQ,, its properties, and its phase transi-
tions, which have otherwise proven so successful
in imposing order on the multitude of magnetic,
structural, and spectroscopic observations in
this material.

The sequence of the previously known phase
transitions in PrAlQ, can conveniently be viewed
in terms of changes in the direction of the axis
about which the AlQ, octahedra rotate in adjacent
cubic unit cells.*® Between 1320 and 210 K this
axis is along (111). Between 210 and 151 K, it is
(101). Below 151 K it begins to rotate, and con-
tinuously approaches (001) as the temperature
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approaches absolute zero. Both of these transi-
tions arise from strong interactions between the
Pr3* electronic states (excitons) and the perov-
skite lattice modes (phonons), with the result
that virtually all of the experiments cited in the
previous paragraph can couple rather directly to
the order parameter. Indeed, the PrAlQ; 151-K
transition is probably the most completely stud-
ied structural phase transition from the viewpoint
of direct order-parameter measurements,?%6?8

It was, in fact, the observed linear coupling be-
tween the soft quadrupolar exciton? and the (101)-
directed TA phonon near 151 K which led to our
initial Brillouin studies of PrAlO,. The results
of our experiments on the 151-K transition will
be detailed elsewhere. Here we shall concentrate
on the new transition.

The results reported here were obtained by
right-angle (6=37) Brillouin scattering, excited
by a stabilized single-mode argon ion laser oper-
ating at 5145 A. To avoid heating of the sample,
power levels were restricted to between 10 and
20 mW. The spectra were obtained using a pres-
sure-scanned flat Fabry-Perot interferometer.
The samples were single crystals a few millime-
ters on a side and of a medium green color (a
room-temperature absorption length for 5145-A
light of ~1 cm), grown from a PbO-PbF,:P,0,
flux. Because of previously reported*’® sensitiv-
ity to mounting strains for domain structure,
etc., we employed both (a) cold-finger and (b)
flowing-gas variable-temperature Dewars, with
temperature stabilities of 0.01 and 0.05 K, re-
spectively. Arrangement (b) permitted strain-
free sample mounting, while (a) required bonding
of the sample to the copper cold finger. Although
deliberate straining did reduce the acoustic anom-
aly near 118 K, our usual mounting procedure
gave identical results in configurations (a) and
(b), indicating that any strain effects arose from
internal rather than external strains. Further
evidence for this came from the observed sam-
ple-to-sample variations as high as 5% in the
maximum size of the acoustic anomaly near T.
Detailed results are presented for the most
strain-free samples.

Figure 1 exhibits the Stokes-Brillouin spectra
for right-angle scattering [g = (47n/\) sinz 6= 3.45
x10° cm™; n=1.99"] near T =118.5 K. The two
other expected acoustic modes were observed at
higher frequencies, but exhibited no unusual tem-
perature dependence. In Fig. 2 the temperature
dependence of the observed elastic constant c;;
=pVZ (where p=6.68 g/cm® and V =27v/q) is
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FIG. 1. Stokes-Brillouin spectra near 7, in PrAlO;.
(2) Without I, filter; elastic intensity reduced 100 X;
() with I, filter to reduce elastically scattered intensi-
ty. Arrows indicate instrumental width. Experimental
geometry is X(ZX)Y as discussed in the text.

shown. The following features of these results
are noteworthy: (a) A nearly 99% decrease in Cij
occurs between 160 and 118 K. (b) Over a wide
range, both above and below T',, the anomalous
temperature variation is mean-field-like (c;;
=qlT -T,l). (c) The temperature coefficient is
much larger above than below T, (a,=0.80% 10!
dynes/cm? K; a.=0.10x10" dynes/cm? K) which
differs greatly from the usual mean field ratio
(@as/a)pr=2. (d) Scattering and polarization ge-
ometries show that the new soft mode is trans-
verse and propagates in either the (110) or (011)
direction, polarized in the (001) or (100) direc~-
tion. All directions are referred to cubic perov-
skite axes. The (010) or b direction in the ortho-
rhombic phase is defined as in Ref. 8, and is oper-
ationally identified in our samples by observation
of the soft mode responsible for the 151-K tran-
sition, which has ¢=(101) and é=(101). (e) Vari-
ation of the phonon ¢ direction by up to +5° (in-
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FIG. 2. Temperature dependence of soft-mode split-
ting vy (right-hand axis) and elastic constant (left-hand
axis). Inset shows linear behavior of ¢;; in T - Tcl on
both sides of T'.

ternal) with respect to the (110)-type direction
shows that contributions of nonanomalous elastic
constants'? reduce the size of the observed elas-
tic anomaly by less than 1% when ¢ is within +2°
of (110). (f) Both above and below 7', the Bril-
louin spectra reveal that (110) and (110) are not
equivalent phonon propagation directions. In par-
ticular, for the “wrong” direction no softening of
the TA mode is observed. This inequivalence of
+45° and —45° directions relative to the b axis

is incompatible with the currently accepted mono-
clinic*® structure below 151 K. (g) An increase
in crystal symmetry below T, is implied by the
observed polarization selection rules. [For the
X(ap)Y scattering geometry, relative soft-mode
scattering intensities of 1.0, 0.81, 0.58, and 0.33
were observed at 121 K for ap equal to ZZ, YZ,
ZX, and YX, respectively. At 112 K the corre-
sponding relative intensities were 0.03, 0.89,
1.00, and 0.05, respectively.] (h) As T~7T, and
the mode softens, the scattering intensity in-
creases. This increase is, within experimental
error (x 5%), in accord with the expected rela-
tion Izvg=const.’® (i) Very near T, the frequency
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decrease saturates so that the soft mode does not
actually reach zero. Among other possible rea-
sons for this, discussed below, is the existence
of a dynamic central peak arising from the soft
mode as T is approached. However, a more de-
tailed examination using an I, filter'* to suppress
elastic scattering [see Fig. 1(b)] revealed no dy-
namic quasielastic scattering outside the instru-
mental resolution (400 MHz, full width at half-
maximum).

These observations (a)=-(i) imply that PrAlO,
undergoes a symmetry-changing (d), second-or-
der (a) structural transition near 118 K which in
some respects (b) is mean-field-like, but in
others (c) not. Because of the negligible effect of
this transition on quantities sensed by Raman,
ESR, fluorescence, and absorption spectroscopy,
together with its immense effect on the shear
elastic properties, it appears that strain is the
sole order parameter for this transition. Sym-
metry arguments applied to those transitions in
which the strain is the only order parameter in
the Landau sense permit only three classes of
pure strain transition.!’ Two of these, which
heretofore exhausted all known real examples,
require that the transition be first order. The
third permits a second-order, pure strain tran-
sition provided (a) there is a change in symmetry,
and (b) all cubic and trigonal, and most hexago-
nal, symmetries are not involved. The only pos-
sible point of doubt regarding the admissibility
of the 118-K transition to this class lies in point
(i) above: the failure of the mode frequency to
soften completely to zero. There could be five
possible causes or contributions to this behavior:
(I) The transition ultimately is first-order, al-
beit with at least 99% second-order character;
(I1) internal strain fields “round” the transition;
(II1) the phonon mode observed is not purely the
relevant strain!? (e.g., ¢ could be slightly off the
required axis); (IV) the emergence of a dynamic
central peak may cause a saturation in the de-
crease of vy (V) “g£” effects round the critical
behavior when the inverse correlation length £7!
approaches the wave vector of the experiment,!®
For this effect to account for the observed round-
ing, assuming mean field behavior (§2=¢217T,/
(T-T,1), a value of £ ~50 A would be required.
While large, this is not unreasonable for struc-
tural transitions.® Measurements at much small-
er g¢ (e.g., ultrasonics) would resolve this as-
pect of the question.

Except for (I) these effects would not preclude
the classification of the 118-K transition as an
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Anderson-Blount transition. Based on experi-
ments in a large number of samples, we believe
that (IT) is the dominant effect and is probably
responsible for all the observed vy saturation.
Regardless of whether or not this transition
strictly belongs to the Anderson-Blount class, it
is of particular interest for at least two addition-
al reasons. First, it lies entirely outside the
framework of our present understanding of PrAlQO,
and therefore possibly of other cooperative Jahn-
Teller systems. Additional symmetry complica-
tions in PrAlQg uncovered by this work pose chal-
lenges to the proper extension of these theories.
Because Brillouin experiments cannot give unam-
biguous determination of crystal symmetry, care-
ful neutron or x-ray studies near 118 K are need-
ed. Second, and of perhaps wider interest, is
the generality of the occurrence in perovskite-
like lattices of this type of transition. Certainly
it has not yet been observed in any other such
material, but could easily have been missed be-
cause of the negligible coupling of the order pa-
rameter to other than acoustic probes. Although
the electronic and optical phonon modes play no
direct role in this transition, does it occur be-
cause of a particular set of anharmonic circum-
stances which themselves result from the higher
temperature exciton-phonon—driven transitions
in PrAlOg? Unless this rather unlikely situation
is indeed the case, it is quite reasonable to sup-
pose that there are other pure-strain structural
transitions in perovskite-like materials awaiting

discovery.

We are grateful to R. J. Birgeneau and E. 1.
Blount for numerous helpful discussions and to
S. Bortas for polishing the samples.

Note added.—Recent neutron diffraction studies
(P. G. Woralton and R. A. Byerlein, to be pub-
lished) of the pressure-induced phase transition'?
in TeO, confirm that this transition is also of the
Anderson-Blount type.
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We report electronic transport properties in a GaAs-AlAs periodic structure known
as a “superlattice”’ prepared by a molecular-beam epitaxy. Its differential conductance
in the superlattice direction first gradually decreases, followed by a rapid drop to nega-
tive values, then, at high fields, exhibits an oscillatory behavior with respect to ap-
plied voltages. This observation is interpreted in terms of the formation and expan-
sion of a high-field domain. The voltage period of the oscillation provides the energy
of the first-excited band which is in good agreement with that predicted by the theory.

It has been proposed!*? that quantum states with
desirable energies or bandwidths can be created
in monocrystalline semiconductors, once a well-
defined structure with extremely narrow poten-
tial barriers and wells is achieved in a controlled

manner: The transport of electrons in the struc-
ture is then expected to be largely governed by
such quantum states.

In this Letter, we report transport properties
in a periodic structure known as a “superlattice.”
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