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Elastic and anelastic relaxations associated with the incommensurate structure of Pr, 4Ca, 5,MnO;
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The elastic and anelastic properties of a polycrystalline sample of Prj43Cay 5,MnO5 have been investigated
by resonant ultrasound spectroscopy, as a function of temperature (101130 K) and magnetic field strength
(0-15 T). Marked softening of the shear modulus as the Pnma « incommensurate phase transition at ~235 K
in zero field is approached from either side is consistent with pseudoproper ferroelastic character, driven by an
order parameter with I'; symmetry associated with Jahn-Teller ordering. This is accompanied by an increase in
attenuation just below the transition point. The attenuation remains relatively high down to ~80 K, where
there is a distinct Debye peak. It is attributed to coupling of shear strain with the I'} order parameter which, in
turn, controls the repeat distance of the incommensurate structure. Kinetic data extracted from the Debye peak
suggest that the rate-controlling process could be related to migration of polarons. Elastic softening and
stiffening as a function of magnetic field at constant temperatures between 177 and ~225 K closely resembles
the behavior as a function of temperature at 0, 5, and 10 T and is consistent with thermodynamically continu-
ous behavior for the phase transition in both cases. This overall pattern can be rationalized in terms of
linear/quadratic coupling between the I'; order parameter and an order parameter with 3, or 3, symmetry. It
is also consistent with a dominant role for spontaneous strains in determining the strength of coupling,
evolution of the incommensurate microstructure, and equilibrium evolution of the Jahn-Teller ordered structure

through multicomponent order-parameter space.
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I. INTRODUCTION

Phase transitions are by definition collective phenomena.
Some local instability in the atomic or electronic configura-
tion of a structure develops correlations over a significant
length scale, macroscopic symmetry is broken, and a new
long-range order is established. The most overt and predict-
able evidence for this is typically the development of both
symmetry-breaking and nonsymmetry-breaking spontaneous
strains (e.g., Ref. 1). An original atomic-scale interaction be-
comes a strain field, which then plays a fundamental role in
determining thermodynamic behavior, microstructure, and
physical properties. Such general truisms are as relevant for
combined electronic and structural phase transitions in man-
ganite perovskites, as for any other transitions. Changes in
electronic configuration which give rise to charge order,
magnetization, and metal/insulator behavior are associated
with characteristic local and macroscopic strain effects, pro-
viding a consistent theme through many treatments of their
overall phenomenological diversity (e.g., Refs. 2—13). It fol-
lows that the overall structural evolution of these materials
and relationships between their structure and physical prop-
erties will depend on the symmetry and strength of strain/
order-parameter coupling.

A further encompassing aspect of the transition behavior
of manganites has been their response to applied magnetic
fields. Within solid solutions such as La;_,Ca,MnO; and
Pr,_,Ca,MnO; (PCMO), there is competition between a fer-
romagnetic structure and an incommensurate structure or its
commensurate equivalent (e.g., Refs. 4, 8, and 14-18). For
selected ranges of compositions and at low temperatures,
conversion from a charge ordered insulator state to a ferro-
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magnetic metal can be driven by increasing magnetic field
strength (e.g., Refs. 19-22). The metal/insulator transition is
accompanied by significant elastic strains, measured as mag-
netostriction (e.g., Refs. 23-26), and by marked changes in
elastic properties (e.g., Refs. 27-31). It follows, again, that
the structural evolution must be influenced by, or even gov-
erned by strain/order-parameter coupling in spite of the elec-
tronic nature of the changes in magnetization and electrical
conductivity.

Strain/order-parameter coupling dominates the properties
and behavior of ferroelastic materials and it has recently
been shown that the Pnma <« incommensurate (IC) phase
transition in Prj43Ca;5,MnO5 (Pr48) can be analyzed from
the same point of view.’? Following a complete group theo-
retical treatment,? structural evolution of the IC phase was
found to depend on order parameters relating to two separate
octahedral tilting mechanisms [belonging to irreducible rep-
resentations (irreps) M3 and Rj], two distinct cooperative
Jahn-Teller ordering schemes (irrep’s M3 and I'}) and to the
symmetry-breaking order parameter itself (irrep X, or X,).
Individual symmetry-adapted strains extracted from high-
resolution lattice parameter data revealed that the evolution
of these order parameters conforms with Landau theory and
that the transition can be described as being close to tricriti-
cal in character with respect to the ¥ order parameter. The
repeat distance of the IC structure has also turned out to scale
simply with the I'] order parameter.

Strain is an equilibrium property which depends only on
the first derivative of free energy. A much more stringent test
of any order-parameter model for a phase transition is pro-
vided by comparisons of observed and predicted variations
in elastic constants. These are second derivatives and define
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the curvature of the free-energy potential around the equilib-
rium point rather than simply the locus of equilibrium point
itself. Patterns of elastic constants vary widely between
proper ferroelastic, pseudoproper ferroelastic, improper fer-
roelastic, and coelastic transitions, as well as between first
order, tricritical, and second-order transitions (e.g., Refs.
34-38). In this context, the Pnma+« IC transition and the
transition to the related commensurate phase in
Pr;_,Ca MnOs; are coelastic and should have an entirely pre-
dictable pattern of elastic softening or stiffening. What is
actually observed, however, is substantial softening of shear
elastic constants as the transition is approached from either
side with a pattern that is typical of pseudoproper ferroelastic
behavior.?>3*-2 This further emphasizes the importance of
the (zone center) I'] order parameter in controlling the struc-
tural evolution, even though it is not symmetry breaking.
Having established the nature of strain coupling with the
different macroscopic order parameters in detail,’> the pur-
pose of the present paper is to revisit the elastic behavior of
these materials, with and without a strong magnetic field, and
to determine whether the overall structural evolution is in-
deed governed by strain/order-parameter coupling.

Resonant ultrasound spectroscopy (RUS) has been used
here to characterize elastic anomalies that accompany the
Pnma «— 1C transition in Pr48, both as a function of tempera-
ture and as a function of magnetic field strength up to 15 T.
This specific material was chosen because it is far from any
known two phase field, the ordered structure remains incom-
mensurate at all temperatures,53 there are data available for
the heat capacity’* and magnetization,> its microstructure
has been characterized by transmission electron
microscopy,’>> and the antiferromagnetic transition (T}
~180 K in PrysCaysMnO;)?126¢ occurs significantly be-
low the structural transition temperature (7, =235 K). Inter-
pretation of the elastic properties is also informed by the
detailed understanding of strain/order-parameter evolution
deduced from high-resolution lattice parameter data col-
lected from the same sample.3? The starting point is a simple
Landau model which separates the roles of cooperative Jahn-
Teller order and incommensurate displacements. In addition
to providing data for the elastic properties, RUS gives infor-
mation about dynamic aspects of the IC structure through
acoustic dissipation effects expressed in terms of the me-
chanical quality factor, Q.

II. LANDAU THEORY FOR PSEUDOPROPER
FERROELASTIC CHARACTER

Irrespective of whether the commensurate ordered phase
of half-doped manganites such as Pr, sCay sMnO; (Pr50) has
Pnm2; or P2;/m symmetry, the phase transition from the
parent Pnma phase to the ordered phase is associated with a
zone boundary point. This is the X point of the Brillouin
zone for Pnma.">3? The Landau expansion for excess free
energy, including lowest order coupling to strains, e;, would
be
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where ¢; are order-parameter components, O, is the order-
parameter saturation temperature, \; are coupling coeffi-
cients, x is the direction of the crystallographic x axis, and
o are elastic constants of the Pnma structure. The P2,/m
product phase would have g, #0, g,=0, the Pnm2, phase
would have ¢;=¢,#0, and g; #¢q,#0 would give Pm. A
Pnma«— Pnm?2, transition would be coelastic and a
Pnma«— P2,/m transition would be improper ferroelastic.
The strain/order-parameter coupling terms are all of the form
Neg? or Ne?q? and would not give rise to elastic softening as
the transition point is approached from above. The transi-
tions should be marked by discontinuities of the elastic con-
stants arising from the Aeg” coupling and continuous varia-
tions in elastic constants arising from )\ezq2 (see, for
example, Carpenter and Salje’®). The latter will generally be
small. The transition to a commensurate phase is expected to
be first order due to the existence of the Lifshitz invariants.>’
Strain coupling terms for an order parameter representing the
amplitude of the IC phase would have the same form but the
transition can be second order because the weak Lifshitz
condition for second-order character is no longer violated.’®
The phase transition near ~230 K in Pr;_,Ca,MnO; with
x=0.35 or 0.4 is expected to be to the commensurate
structure>®% while the product phase is incommensurate at
x=0.5.99-%* In both cases, the transition is marked by elastic
softening of average cubic values of %(C”—Clz) in single
crystals as T— T, from above.>**° On the basis of neutron
diffraction and transmission electron microscopy observa-
tions on selected samples®®>*61:95 the phase transition in
crystals with 0.5<x<<0.85 (Pr50-Prl5) is expected to be to
the incommensurate structure. Measurements of longitudinal
ultrasonic velocities in polycrystalline samples within this
range also reveal elastic softening ahead of the transition.*!#?
In each case, the pattern of softening is typical of a
pseudoproper ferroelastic transition and has the form (not
including an order-parameter saturation term)

T-T:

(C - Cr)=(CY, - ?2)(T——TZ>’ )
where (C{,-CY,) refers to the parent structure and 7, is the
critical temperature renormalized by bilinear coupling of
driving order parameter, Q, with the symmetry-breaking
strain, ey, i.e., hegQ.38007 This form of expression has
been used in treatments of the manganite charge-ordering
transition.3%:4042:30-52.68 The physical origin of the zone cen-
ter relaxation was attributed to the quadrupolar moment of
Mn**, with T}, T, representing characteristic temperatures
which are understood in terms of a susceptibility and specific
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coupling effects among phonons, Jahn-Teller ions and
strain.%8

Equation (2) does not follow from Eq. (1) and a general-
ized Landau treatment of the elastic properties of Pr48 re-
quires inclusion of a zone center order parameter with some
bilinear strain/order-parameter coupling. The relevant
symmetry-breaking strain and order parameter belong to ir-

rep I'; of the Pm3m reference state (E o symmetry in Hazama
et al.%®). From Table II of Carpenter et al.’? it is apparent,
however, that this symmetry is already broken in space group
Pnma, implying that a I'} order parameter would not nor-
mally be the driving order parameter for a further transition.
Jahn-Teller transitions appear to provide an exception to this
general rule in that, because of the highly localized origin of
an electronic instability, it appears to be possible to have a
Pnma structure with macroscopic Jahn-Teller order param-
eters which are strictly zero. For example, there is a first-
order Pnma <« Pnma transition driven by the M} order pa-
rameter at ~750 K in LaMnO;.°*7% Doping of LaMnO,
with Ba leads to a change from first-order to second-order
character for the same transition.”®

The I'j order parameter relates to an ordered arrangement
of uniaxially deformed octahedra with their unique axes all
aligned parallel to [010] of the Pnma cell.3>78-8 By itself it
would cause a first-order transition from the parent cubic

structure, Pm3m <« P4/mmm, with a single nonzero order-
parameter component, g, and a tetragonal strain, e, where

1
Cix = r(zel —er—e3). (3)
V3

The linear strains e, e,, and e3 are specified with respect to
cubic reference axes in the orientation given by Carpenter et
al®> As shown schematically in Fig. 1, (C,;-C,,) would
soften according to Eq. (2) as T—7, from above, due to
bilinear coupling Ae,, g, followed by recovery below a first-
order transition at T, . In reality, the transition occurs before
(C,,—C,) reaches zero and the total strain evolution and
elastic softening at the Pnma < IC transition in Pr48 must
depend on the combined effects of zone center and zone
boundary order parameters. Thus it is necessary to develop a
Landau expansion which includes both the X point and I'}
order parameters in order to understand the evolution of
spontaneous strains and patterns of elastic softening/
stiffening.

The X-point irrep of space group Pnma becomes 3, or 3,
with respect to a Pm3m parent structure.> Each of the 3,
and 3, order parameters contains two nonzero components
for the structures of interest and the Landau free-energy ex-
pansion again contains gradient terms. The macroscopic
strain behavior does not depend on whether the product
structure is commensurate or incommensurate so, for conve-
nience, the gradient terms are dropped here. On the basis of
symmetry alone, it is not possible to distinguish between the
influence of 3, and X, in specific structural terms,*? and the
following development applies to both. In addition, the com-
mensurate structure is taken as having Pnm2, symmetry (fol-
lowing Refs. 32 and 81-84) with ¢;s=¢,s for the 3 order
parameter. These simplifications lead to a single Landau ex-
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FIG. 1. Schematic variation in average cubic elastic constants
through the structural phase transition of PCMO. A pure Jahn-Teller
transition driven by the I'j order parameter would be expected to
show softening of %(C“—C 12) down to a first-order transition at
T, r- This degree of softening is not achieved because of the inter-
vention of the X, order parameter at T:E. The broken line represents
the extrapolation of the high-temperature softening and the dotted
line represents recovery in the pure Jahn-Teller structure. Cy4 and K
would be expected to show small discontinuities at 7. because of
weak coupling of the order parameters with the e, and volume
strains.

pansion, as expressed with respect to a cubic reference state
but still referring to a phase transition in the Pnma structure,
with the form

1 ®SF ®SF 1
G= Ear(asr[coth(T) - Coth( T )}qtzx - 5”1‘5113)(
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where e, =e,—e3. The two order parameters are shown as
having different critical temperatures, T, and 7.y, different
order-parameter saturation temperatures, and separate cou-
pling with symmetry-adapted strains. The lowest order direct
coupling term is linear/quadratic, )\zrthqé. Applying the
normal equilibrium condition, dG/de=0, to obtain strain/
order-parameter relationships and substituting back into Eq.
(4) gives (with es=eg=¢,,=0 and assuming Cq,>4N\4rq)
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The equilibrium evolution with temperature for both order
parameters is determined by the conditions
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A quantitative description of the structural evolution would
be obtained by solving Egs. (11) and (12) for known values
of the various coefficients, as in the case of bilinear coupling
in the mineral albite®3¢ or for biquadratic coupling more
generally.” Here the order-parameter coupling is linear/
quadratic and, even if the direct coupling coefficient, Ars, is
negligibly small, strong coupling is likely because both order
parameters are coupled to the common tetragonal strain, e,
which is large [up to ~3% (Ref. 32)]. Biquadratic coupling
is also assured due to coupling with the common volume
strain, e,, but is likely to be weak because A\ and Ny are
small [e,<0.2% (Ref. 32)]. Linear/quadratic coupling has
been investigated for the specific case of coupling between
nonconvergent cation order and a displacive transition in the
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mineral pigeonite, where the principal influence of a fixed
degree of order is to renormalize the displacive transition
temperature.®® It also occurs in PrAlO;.”” A more general
treatment has not been attempted but the influence of ¢, will
be to renormalize T,y to some hlgher value, Ty, for favor-
able coupling while the effect of qz on ¢, will be equivalent
to the influence of an externally applied field. This treatment
differs from that of Hazama et al.** in having a second gen-
eral order parameter to describe the IC phase rather than a
specific order parameter related directly to charge ordering.
It differs from the treatments of Zhong and Wang'> or Mil-
ward et al.® in having the IC structure being stabilized by
tetragonal Jahn-Teller distortions of the octahedra with all
the unique axes aligned parallel to the crystallographic y axis
of the Pnma structure, plus coupling of this with the 3 order
parameter. Charge ordering is allowed but is not required.

According to Eq. (4), the Pnma <« IC transition has as-
pects of pseudoproper and improper ferroelastic character as
a consequence of the different coupling of the individual
order parameters with the spontaneous strains, with immedi-
ate consequences for the evolution of the elastic constants.
Considering only average cubic elastic constants, (C,
—C,,) will soften according to Eq. (2) until the actual tran-
sition temperature, 7T,y. The bulk modulus, K :%(C”
+2C,), would be also be expected to show some softening
ahead of the transition according to

K-K,=A(T-Tg)", (13)

where A and « are material constants. The value of « is
sensitive both to the degree of anisotropy of dispersion
curves about the reciprocal lattice vector of the critical point
and the extent of any softening along each branch (see Ref.
38, and references therein). To first order, C,4 would not be
expected to show any softening but fluctuations are likely to
cause some small changes in the close vicinity of the transi-
tion point. Softening due to fluctuations just ahead of a tran-
sition point is well illustrated by the examples of LaAlO5,%
SrTiO5, and KMnF; (see, for example, summaries of data in
Ref. 38).

Behavior of the elastic constants below the transition tem-
perature will follow patterns set out in Fig. 1 of Carpenter
and Salje® and are illustrated schematically in Fig. 1 of the
present paper. In the absence of coupling between g, and gs,
(C;,=C,,) would have a discontinuity at some transition
point, T, r, with subsequent stiffening. The Pnma« IC tran-
sition occurs at 7.y, however, and then (C;;—C),) will stiffen
due to the bilinear coupling \,req. K will soften discon-
tinuously due to Alreaqtzx and Algeaqé. Cyy will show a small,
continuous change (stiffening or softening, depending on the
sign of the strain coupling coefficients) due to Asp(—2e2
+eg+e3)qy and [Nss(es+ez)+Ngzeseglgs, with a small dis-
continuous softening due to )\4Ze4q§. For small e, strains, the
variation in shear modulus, G, should effectively reflect the
variation in (C;;—C,).

According to Krupicka et al.’® the Néel temperature of
Pr50 and the Curie temperature, estimated from the paramag-
netic susceptibility, are both below T,. Magnetization is not a
requirement for stability, therefore. On the contrary, the
structural phase transition is suppressed by application of a

134123-4



ELASTIC AND ANELASTIC RELAXATIONS ASSOCIATED...

magnetic field in a manner that can be explained in terms of
unfavorable coupling between a ferromagnetic order param-
eter, M, and structural order parameters (e.g., Refs. 8 and
15). In the present context, the important question is how M
couples with g, and gs. Bilinear coupling of M with a strain
only occurs in piezomagnetic materials and is restricted to
antiferromagnetically ordered phases with specific magnetic
symmetry.” Normal magnetostriction involves linear/
quadratic coupling, )\eM2 The volume strain e, can couple
separately with M? and ‘12’ leading to blquadratlc coupling
between them, Ags, MqEM Linear/quadratic coupling of the
Jahn-Teller and structural order parameters )\th ECItqu’ is
permitted and it follows that Ay MZuM?, which is the direct
coupling equivalent of indirect coupling through a common
strain as Aeyq, and he,M?, must also be allowed. Both
)\qz,MqéM Z and N MquM 2 can be energetically unfavorable
but, because g and M both arise from electronic effects,
AgxmquM” is likely to be the more physically significant.
This would also cause suppression of the pseudoproper
acoustic softening above the transition point with increasing
magnetic field strength, as is indeed observed (see below).

The influence of magnetic field, H, should be understand-
able through the addition of the following terms to Eq. (5)
(after Ref. 91)

1
—HM + M?+ ZbMM“ + 0 NgomdoM?,

2x(T)
where the temperature dependence of M, independently of
coupling with ¢, is expressed in terms of some susceptibil-
ity, x(7). The conditions for equilibrium with respect to tem-
perature and magnetic field strength are then given by &IG

=0, W‘O etc., in the usual way. Strong coupling between
g and ‘12 will ensure suppression of the structural phase
transition when coupling between ¢, and M is unfavorable.
General solutions for this linear/quadratic coupling system in
an applied field do not appear to have been developed as yet,
but three solutions are expected: g, #0 with M =0, g,=0
with M #0 and a mixed state, g, # 0, M # 0. The transition
from g # 0, M # 0 to the structure with g,=0, gs=0 might
be discontinuous or continuous, as illustrated schematically
in Fig. 2.

III. EXPERIMENTAL METHODS

The sample of Prj43Cay5,MnO5; was purchased from Pi-
Kem Ltd., U.K. It had been produced by Praxair, U.S.A.,
using the Combustion Spray Pyrolysis process in which a
mixture of nitrates was mixed with a carbohydrate solution
that was subsequently dehydrated and combusted. The result-
ant powder was consolidated by cold isostatic pressing in a
die press, and fired in air at ~1300 °C. Parallelepipeds were
cut from two different fired pellets using a fine annular dia-
mond saw lubricated with paraffin: PCMO1:3.143 X 2.864
X 1.587 mm?, 0.0756 g, PCMO2:3.215X2.984
X 2.872 mm3, 0.1457 g. Densities determined from these di-
mensions and masses are 5.292, 5.288 g cm™3, which corre-
spond to 92.2% of the theoretical density (5.736 g cm™), as
calculated using room temperature lattice parameters from
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FIG. 2. Schematic order-parameter variations for intermediate
members of the Pr;_,Ca MnOj solid solution under the influence of
magnetic field strength at low temperatures. With falling tempera-
ture below the structural phase transition temperature, T;E, the T}
order parameter (q,,) increases from zero. Application of a magnetic
field then causes an increase in the magnetic order parameter, M. At
low temperatures and for commensurate ordered structures, the
structure with M #0, g,=0 develops at a first-order discontinuity
(broken line) whereas for incommensurate structures the transition
appears to be continuous (solid curve).

Carpenter et al.*> and assuming full stoichiometry. The pow-
der x-ray (Cu Ka) diffraction pattern obtained from a ground
up offcut from a pellet contained peaks corresponding to
perovskite with the Pnma structure. Apart from a possible
weak peak at 26~ 28.6°, there was no obvious evidence for
the presence of other phases. The average grain size obtained
by measuring 100 grains in scanning electron microscope
images from two broken surfaces of another offcut was
1.4 um; the smallest and largest grains observed had widths
of ~0.6 and ~2.2 um, respectively. The Ca:Mn ratio was
checked by electron microprobe analysis of a polished
sample (0.516:1) and the Pr:Mn ratio was checked by
ICPMS of a sample dissolved in acid (0.479:1). Both these
ratios are within experimental uncertainty of the expected
composition.

RUS spectra were collected from both samples in situ at
low and high temperatures in Cambridge. The He cryostat
and DRS MPODULUS 1II electronics used for the low-
temperature instrument have been described by McKnight e?
al.”? The high-temperature instrument has been described by
McKnight et al,”® including calibration of temperature
against the transition point of quartz.®* For low-temperature
data collections, a parallelepiped was held lightly between
the piezoelectric transducers across opposite corners or op-
posite faces. In the high-temperature instrument, the parallel-
epiped was supported lightly across its corners between alu-
mina rods protruding into a horizontal furnace. Spectra were
transferred to the software package IGOR PRO (Wavemetrics)
for analysis. Peak frequencies were determined by inspection
for calculation of bulk and shear moduli using the DRS soft-
ware described by Migliori and Sarrao.”> Selected peaks
were also fit with an asymmetric Lorentzian function to de-
termine peak frequency, f, and peak width at half height, Af,
and hence to determine values for the mechanical quality
factor, Q, where Q=f/Af.
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RUS spectra were collected from sample PCMO?2 in two
different Oxford Instruments superconducting magnets at
fields up to 15 T in Los Alamos. The parallelepiped was held
across a pair of faces in a spring loaded RUS head at the end
of a stick which was lowered into the magnet. Stress on the
sample from spring loading was sufficient to hold the sample
in place but small enough to not destroy the free boundary
elastic condition. Temperature control was achieved by a
helium-4 flow cryostat and an Oxford ITC 503 controller. A
Stanford Research Systems DS345 function generator and
SR844 lock-in amplifier were used to excite and detect the
resonance frequencies.”>* The frequencies and widths at
half height were obtained for selected peaks by fitting with
inhouse software (available at http://www.magnet.fsu.edu/
inhouseresearch/rus/index.html).

IV. RESULTS
A. Room temperature

Frequencies of the first 36 resonance peaks (20 000 data
points collected between 100 and 1200 kHz) from PCMO2
were measured at room temperature and gave values of K
=117.6 GPa and G=43.9 GPa, with an rms error of 0.13%.
Correction for 7.8% porosity, using the expressions of Led-
better et al.,’’ gave K=149.5 and G=50.8 GPa for a fully
dense sample. These values compare with K=135 and G
=44 GPa given by Seiro et al.* for a ceramic sample of
Pr65 with 90% of theoretical density prepared by heating at
1300 °C for five days in oxygen. Single-crystal elastic con-
stants have been reported as average cubic values for Pr50 by
Hazama et al., giving Voigt/Reuss/Hill averages of K
=31.9 GPa and G=16.3 GPa at room temperature. The rea-
son for such a large discrepancy between the data for single
crystal and ceramic samples is not clear. Ceramic samples of
La;_,CaMnO; with ~10% porosity have K~50-65 GPa
and G~35 GPa for 0<x<1.%8

B. Variable temperature, without magnetic field (Cambridge)

Figure 3 contains a stack of spectra obtained from
PCMOL between 10 K and room temperature (50 000 data
points per spectrum). They were collected in a heating se-
quence with 5 or 2 K steps and an equilibration period of 15
min at each temperature. The phase transition near 235 K is
clearly associated with a change in trend of the peak frequen-
cies and widths. Values of G were then obtained for the
entire temperature range by scaling (frequency)? for the peak
near 670 kHz at room temperature, using the room tempera-
ture (293 K) value of G=43.9 GPa from peak fitting. Values
of Q! were obtained from the same peak, which increased to
~850 kHz at 10 K. These are shown in Fig. 4, to which has
been added 7\y=180 K for antiferromagnetic ordering in
Pr50 (Refs. 21, 26, 56, and 64) and T,y =237 K for the struc-
tural phase transition in Pr48.32 The shear modulus softens as
T— T,y but reaches a minimum value just below the ex-
pected transition temperature. A continuous stiffening trend
is then followed with further decrease in temperature. Dissi-
pation is low in the stability field of the Pnma phase above
~250 K, but Q"' then increases, with the steepest slope oc-
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FIG. 3. Stack of RUS spectra obtained from sample PCMOI.
The y axis is really amplitude but spectra have been displaced in
proportion to the temperature at which they were collected and the
axis is labeled as temperature. Weak peaks at low frequencies and
low temperatures are noise. The structural phase transition is evi-
dent from a change in trend of frequency with temperature for all
the resonance peaks at ~230 K. Significant peak broadening, due
to attenuation, is also clearly associated with the transition. Further
peak broadening is also evident between ~40 and ~90 K.

curring below the temperature at which G reaches its mini-
mum value. Below TC"E, 0~! remains near ~0.01, with some
variation which is probably experimental scatter. There is a
Debye-type peak in Q~!' at ~75 K which coincides with a
small increase in G. At the lowest temperatures, Q~' returns
to the low values of the high-temperature phase. There are no
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FIG. 4. Variation in the shear modulus, G, and inverse mechani-
cal quality factor, Q7!, extracted from fitting of the frequency and
line width of the resonance peak in Fig. 2 which has f=667 kHz at
room temperature. Filled circles represent G from spectra collected
during cooling and crosses represent G obtained from spectra col-
lected during heating. There is a small hysteresis between ~100
and ~200 K. Dots joined by lines are data for Q~! obtained during
heating; scatter in absolute values through the interval 90-210 K is
probably due to noise in the baseline of the primary spectra.

134123-6



ELASTIC AND ANELASTIC RELAXATIONS ASSOCIATED...

obvious features near the expected antiferromagnetic transi-
tion point. Also shown in Fig. 4 are values of G at 30 K
intervals from the cooling run, prior to the main data collec-
tion during heating. The equilibration time for data collection
at each temperature was 20 min. These data reveal a small
hysteresis, with the shear modulus being slightly lower dur-
ing cooling than during heating between ~100 and ~200 K.

The Debye peak has been fit in a conventional manner to
obtain an estimate of the activation energy, E,, and the recip-
rocal of the attempt frequency, 7,, for a thermally activated
process conforming to

= a
=17 exp| )

where 7 is the relaxation time at temperature 7. The Debye
peak itself is expected to depend on the angular frequency,
w(=27f), of an applied stress according to

Q—l — AL (]5)
1+ 0?7
In the case of a standard linear solid
Cu-Cr

A=—U—R
Cr

for (CU_CR< CR), (16)

where Cy is the relevant elastic modulus for the unrelaxed
state and Cg the elastic modulus of the relaxed state.”® The
maximum value of Q7! Q,‘nl, occurs at temperature 7,,, and
is equal to A/2. A single peak measured as a function of
temperature at approximately constant frequency can be de-
scribed by (from Refs. 100 and 101)

_ _ -l Ea (l_L) :|_1
o(n=0, [cosh{er(ﬂ) T } .17

Here ry(B) is a width parameter which arises from any
spread in relaxation times for the dissipation process. The
width of a peak measured as a function of temperature at
constant frequency is determined essentially by the value of
the activation energy and the value of r,(8). A fit of Eq. (17),
including an estimate of the baseline, is shown in Fig. 5 with
E,/r(B)=7 kKl.mol™!, 0;'=0.017, and T,=72 K. The
value of Q! obtained is consistent with the observed varia-
tions in G for a relaxational process, as shown by the curve
in Fig. 5 through data for the relaxed shear modulus at tem-
peratures above 80 K. The polynomial fit and its extrapola-
tion to low temperatures give A/2=0.016 at 10 K using the
observed value of G for Cy and the extrapolated value for
Cr. If the dissipation process involves a single relaxation
time, the value of B is 0 and the value of r,(8) is 1. In this
case Eq. (14) gives 7,~107!" s since the resonance peak
used to determine Q7! was at f(=7"')~830 kHz. If there is
a Gaussian spread of relaxation times, as specified by the
value of B, the value of E, will be larger and the value of 7,
smaller. For example, Figs. 4-7 of Nowick and Berry® gives
r(B)=1.25 for B=1, so E,~88 kImol™' and 7,=5
X 10713 s are obtained.

A repeat data collection on PCMO1 was designed to in-
vestigate possible hysteresis associated with the structural
phase transition. Figure 6 contains peak frequency and Q!
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FIG. 5. Fit of Eq. (17) to data for Q™! in the temperature interval
40-100 K. A linear baseline has been estimated and the fit is for
E,/r(B)=7 Kl mol™!, T,=72 K, and Q;11=0.017. The curve
through the data for G is the fit of a polynomial function extrapo-
lated to T<<T,, and illustrates the extent of stiffening due to the
Debye relaxation. It gives A/2=0.016 at 10 K [Egs. (15) and (16)].

variations obtained during cooling and heating in a longer
run which involved cooling from 288 to ~10 K followed by
heating back to 282 K. Thermal equilibration for 15 min was
allowed before data collection at each temperature and heat-
ing or cooling between set points required only a few min-
utes. Small differences in peak frequencies between ~200
and ~280 K are probably close to the experimental limit of
resolution and may or may not be real, but the minimum in
frequency occurs within 1 K of 232 K during cooling and
heating, i.e., 5 K below the transition temperature deter-
mined from neutron-diffraction data.> The detailed data for
Q7! show a clear peak below the transition point with its
maximum at ~215 K [Fig. 6(b)]. This peak perhaps has a
sharper maximum during cooling than during heating but
there is no shift in its position.

RUS spectra were collected also at ~50 K intervals be-
tween room temperature and ~1130 K using sample
PCMO?2. There were no significant differences in the fre-
quencies of resonance peaks during heating and cooling, so
quantitative data are given here only for the cooling se-
quence. Frequencies of a peak near 400 kHz were deter-
mined by inspection and used to calculate the variation in G
by calibration of the data as (frequency)? for G=43.9 GPa at
room temperature (as above). These data are combined with
data for G at low temperatures from PCMOI in Fig. 7. They
show that elastic softening ahead of the transition starts at
~1000 K. Just to show that the data can be represented by
an expression of the form of Eq. (2), a curve has been fit to
the data between 234 and 1021 K with G and G° replacing
(Cll_CIZ) and (C?I_C?Z): G°=56.2%0.3 GPa, TC
=28+14 K, T.=85*10 K. Note, however, that (Cj,
—C,) should tend to zero as T— T, while G should tend to
some constant value determined by Cy4 which is not ex-
pected to soften.
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FIG. 6. Details of the variation in resonance frequency, f, and
07! for two peaks in spectra collected during cooling (filled circles)
and subsequent heating (crosses) through the transition temperature
(sample PCMOT1). Within experimental uncertainty, there is no hys-
teresis in the vicinity of 7., consistent with the transition being
thermodynamically continuous. Data for Q~! of the higher fre-
quency peak have been displaced up the y axis for clarity.

C. Low temperatures, with magnetic field (Los Alamos)

Spectra were generally collected in the frequency range
300-1000 kHz with 26 000 data points per spectrum (sample
PCMO2). Two different types of experiment were under-
taken: varying temperature (9—283 K) at constant field and
varying field (0—15 T) at constant temperature. Values of the
shear modulus were extracted by calibrating the resonance
frequencies of selected peaks at low frequencies using G
=43.9 GPa at 293 K, as described above. This produced
variations with temperature at zero field which were indistin-
guishable from the results obtained on the Cambridge low-
temperature instrument, though with a higher degree of scat-
ter. Results for the temperature dependence of G at constant
field (0, 5, 10, and 15 T) are shown in Fig. 8(a) and at
constant temperature (177, 199, 212, 225, 230, 239, 249, and
273 K) in Fig. 9(a). Corresponding variations in Q™! from
the same peaks as used to determine G are shown in Figs.
8(b) and 9(b). Note that, to save time, data collected at 199,
212, 239, 249, and 273 K were for a narrow frequency range
(~350-500 kHz) encompassing only the first one or two
resonance peaks.

The form of elastic softening and stiffening as a function
of temperature at 5 and 10 T is the same as O T, though the
minimum in G is shifted to lower temperatures with increas-
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FIG. 7. Combined high-temperature (sample PCMO2) and low-
temperature data (sample PCMO1) for the shear modulus, G. The
curve is a fit of an expression with the form of Eq. (2) to data
between 234 and 1021 K and is consistent with pseudoproper fer-
roelastic softening of (C;;—C),) in the stability field of the Pnma
structure.

ing field [Figs. 4 and 8(a)]. The evolution of G at 15 T is
quite different, however, as the distinct minimum is no
longer present. At 0, 5, and 10 T, the minimum in G is
accompanied by an increase in Q! with falling temperature
which is clearly identified with the structural phase transi-
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FIG. 8. (Color online) Variation in G and Q! as a function of
temperature at 0, 5, 10, and 15 T (sample PCMO?2). Abrupt changes
in values of G for data collected at 10 T are artifacts and serve to
illustrate the limit of experimental resolution.
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FIG. 9. (Color online) Variation in G and Q! as a function of
magnetic field strength at different fixed temperatures (sample
PCMO2).

tion. This peak in Q' is absent from the 15 T data and the
implication is therefore that the phase transition itself is sup-
pressed. Data for a different resonance peak in the 15 T
spectra also show low Q' values at all temperatures. The
pattern of variations in G at 177, 199, 212, 225, and 230 K
with variable field shows the minimum in G, though this
shifts to lower field and becomes less pronounced with in-
creasing temperature [Fig. 9(a)]. The pattern of Q! is also
similar for these temperatures [Fig. 9(b)], consistent with the
properties of the transition being rather similar whether it is
induced by varying temperature or magnetic field. At 239,
249, and 273 K, i.e., in the stability field of the Pnma struc-
ture, G increases slightly in a nonlinear fashion with increas-
ing temperature [Fig. 9(a)] and Q™' remains low at all field
strengths [Fig. 9(b)].

From the Cambridge low-temperature data, the minimum
in G occurs at ~5 K below the Pnma < IC transition point.
The field at which this minimum is reached when varying
field strength at constant temperature, Hg ., and the tem-
perature at which it is reached when varying temperature at
constant field, TG i, have been estimated from the data
shown in Figs. 8(a) and 9(a) and are shown superimposed on
a phase diagram for Pr50 from Doerr et al.?® (Fig. 10). They
follow the trend of the structural phase transition recognized
from changes in magnetic properties of Pr50. There is hys-
teresis in the data, but Hg ,;, and TG ;, remain the same
whichever way the transition is approached. A curve through
the data for Hg i, and Tg g is of the form T i, * HY.
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FIG. 10. Phase diagram for temperature and magnetic field
strength of polycrystalline Pr50, after Doerr et al. (Ref. 26). The
hatched area represents hysteresis limits for the insulator/
ferromagnetic metal transition and the dashed line is for the metal/
insulator transition in the stability field of the Pnma phase. Filled
triangles represent the magnetic field and temperature of the mini-
mum value of G obtained in the present study while changing tem-
perature at fixed field for Pr48. Open triangles represent the mag-
netic field and temperature of the minimum value of G obtained
while changing temperature at fixed field strength. The thick curved
line has the form H*o T through the triangles. Filled circles and the
dashed-dotted line drawn through them represent the temperature
and field at which |dG/dH| at constant temperature reaches a maxi-
mum from the present experiments on Pr48. The open square rep-
resents the temperature at which [dG/dT| has a maximum value at
15 T for Pr48 from this study, and the filled square represents the
metal/insulator transition in Pr50 reported by Zheng ef al. (Ref. 41).

At 0 and 5 T, the sample is slightly stiffer during heating
than during cooling through the temperature interval
~100-180 K [Figs. 4 and 8(a)]. Similarly, at 177 K, values
of G are higher during increasing field (toward the transition
point) than with reducing field (away from the transition
point) [Fig. 9(a)]. Data collected at 10 T were obtained by
first cooling the sample in zero field and then applying a 10
T field; subsequent heating and cooling produced a much
larger hysteresis than first cooling and then heating at con-
stant field [Fig. 8(a)]. Within experimental uncertainty there
is no hysteresis in the resonance frequencies obtained at 15
T, though there is perhaps a tendency for higher Q! with
falling temperature than with increasing temperature at this
field strength. Detailed comparison of data collected at the
same temperatures and field strength during heating/cooling
or during increasing/decreasing field confirmed that values of
G obtained in the vicinity of the structural phase transition
appear to be reproducible and fully reversible.

None of the RUS data show evidence for any influence of
the antiferromagnetic phase transition on the elastic or ane-
lastic properties of Pr48. The Néel temperature of Pr50 is
near 180 K at zero field and decreases with increasing field*®
(Fig. 10). The phase diagram of Doerr et al.?® (Fig. 10) has
the metal/insulator transition occurring at 5-8 T in the Pnma
stability field but there are no readily identifiable features in
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the elasticity data for Pr48 corresponding with the trend line
shown. Zheng et al.*! have put the metal/insulator transition
at ~175 K in a 14 T field, but there is again no obvious
feature in the 177 K or 15 T data generated in the present
study (Figs. 8 and 9), apart from a maximum in |dG/dT]| at
~185 Kin a 15 T field.

The RUS data do not have sufficient resolution to test
how the Debye peak in Q! at ~75 K responds to an exter-
nal magnetic field.

V. DISCUSSION

A. Variations in elastic constants with temperature
and magnetic field strength

The pattern of elastic softening for the shear modulus, G,
as a function of temperature through the IC < Pnma transi-
tion reported here (Fig. 4 and 7) is the same as has been
found for velocities of longitudinal waves [which depend on
both G and K: Vel=\(K+§G)/ p] in other polycrystalline
samples of Pr50-Pr12.5 (Refs. 41 and 42) and is attributable
to the softening of (C;;—C},). Pseudoproper (nonlinear) soft-
ening ahead of the transition temperature is followed by a
steeper nonlinear recovery below the transition point. Al-
though a quantitative model has not been attempted, this pat-
tern is consistent with the macroscopic perspective provided
by Landau theory in Sec. II above. Bilinear coupling of the
I'j Jahn-Teller order parameter with the tetragonal strain, e,
is responsible for the pseudoproper character, and failure of
G to reach lower values is understood in terms of the inter-
vention of the symmetry-breaking incommensurate order pa-
rameter. Exactly the same pattern has been found in the evo-
lution of G whether the transition is approached as a function
of temperature in magnetic fields of progressively higher
strength [Fig. 8(a)] or as a function of magnetic field strength
at constant temperature [Fig. 9(a)]. From independent obser-
vations of strain evolution, the transition in Pr48 is known to
be thermodynamically continuous as a function of tempera-
ture, and probably close to tricritical in character.3> Since
elastic anomalies accompanying phase transitions are highly
sensitive to the mechanism and thermodynamic behavior
(see, for example, Ref. 38), the clear implication is that
closely similar continuous character applies when the transi-
tion point is crossed at magnetic field strengths up to at least
~12 T. This corresponds to the pattern of continuous varia-
tions in M and ¢, shown in Fig. 2.

In the H-T phase diagram of Pr50, the structural phase
transition at w,H> ~2 T involves a two-phase field and is
first order in character (Fig. 10). It is marked by strong hys-
teresis and large changes in magnetostriction,?® electrical
resistivity,'>?® and magnetization?>?! at high field strengths
and for temperatures at least up to 200-210 K. Seiro et al.*
showed the two-phase field as appearing at 7.5 T and Saint
Paul et al.?® showed it as appearing at 9 T. The same pattern
of large changes and hysteresis has been observed in longi-
tudinal sound wave velocities at 160 and 52 K (Ref. 30) or
below 30 K.28 At 220 K the velocity anomaly shows a steep
minimum similar in form to that shown in Fig. 7, however,
as though the transition is continuous at 220 K but discon-
tinuous at 160 K when the magnetic field is increased at
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constant temperature. Pr48 and Pr50 differ in that Pr50 is
incommensurate below ~240 K but becomes commensurate
at ~215 K (neutron diffraction from single crystal®) or
~170 K (electron diffraction from thin crystals®'~%%) while
Pr48 remains incommensurate down to at least ~10 K
(electron diffraction®). The neutron-diffraction result for the
lock-in temperature in a bulk sample of Pr50 seems to sepa-
rate the temperature intervals for continuous and discontinu-
ous transition behavior while the wider interval of stability of
the incommensurate phase in Pr48 appears to correlate with
the wider temperature interval of continuous behavior. The
Pnma «—1C transition point is slightly above the temperature
or applied field value at which the shear modulus is at a
minimum, but the latter gives a remarkably simple relation-
ship between transition temperature and field strength,
namely Tg i, H* (Fig. 10). This has the appearance of
some mean-field result, though it has not yet been reconciled
with an explicit behavior for y(7) and the magnitude of the
unfavorable coupling coefficient A gy m-

Suppression of the pseudoproper acoustic softening above
the transition point with increasing magnetic field strength
[Figs. 8(a) and 9(a)] is consistent with the proposed coupling
between the magnetic order parameter and the I'} order pa-
rameter set out in Sec. II above.

B. Dissipation

Significant attenuation of 8—15 MHz sound waves has
previously been observed in the vicinity of the structural
phase transition in Pr50 (Refs. 29 and 40) but was not fol-
lowed systematically down to low temperatures. The com-
plete pattern of variation shown by Q7! at ~0.5 MHz in
Figs. 4 and 6(b) is typical of the pattern of attenuation/
dissipation which accompanies ferroelastic transitions and
which is usually explained in terms of anelastic motion of
transformation twin walls under the influence of an exter-
nally applied cyclical stress. An increase in dissipation oc-
curs below the transition point when the twin walls become
established. There then follows a plateau of relatively high
dissipation due to twin wall motion constrained by an effec-
tive viscosity, which might be due to interaction with
phonons. 927195 At Jower temperatures a Debye peak signifies
(frequency-dependent) freezing of the twin wall motion, due
to some thermally activated process such as pinning by de-
fects. Below the freezing interval the dissipation diminishes
back to a low level comparable with that of the high-
temperature phase above the transition point. This behavior
is well illustrated by the low-frequency anelastic response of
twin walls below improper ferroelastic transitions in
(Ca,Sr)TiO5 and LaAlO;.!95-1%8 Analogous behavior is seen
also at RUS frequencies in (Ca,Sr)TiO;,'%”° LaAlO;%
Sr(Zr, TiO5),°*11% and BaCeO;.!!!

Ferroelastic twinning due to octahedral tilting must be
present in Pr48 but low dissipation above the Pnma <« IC
transition is consistent with the observation of generally low
twin wall mobility in other perovskites with Pnma
symmetry.*+107:10% Ajthough the Pnma«IC transition is co-
elastic and does not give rise to ferroelastic twinning in the
same way, bilinear strain/order-parameter coupling due to the
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Jahn-Teller component of the transition will give to antiphase
boundaries of the IC phase some of the characteristics of a
ferroelastic twin wall. In particular, the magnitude of the
incommensurate repeat correlates with average Mn-O1 bond
length which, in turn, correlates with the magnitude of g,,.>?
This means that a shear stress which induces a strain e, will
induce a change in ¢ and, hence, a change in the IC repeat
distance, consistent with the dependence of repeat distance in
Laj 5CapsMnO; thin films on strain arising from coupling
with their substrate.!! The observed dissipation can therefore
be understood in terms of local displacements of the IC an-
tiphase boundaries on a time scale of ~107% s and is ex-
pected to be specific to (C;;—C),).

If the loss mechanism relates to displacements of an-
tiphase domain walls, the Debye peak in Q! at 72 K signi-
fies freezing of this process due to some thermally activated
step with an activation energy in the vicinity of
~10 kI mol™' and a characteristic relaxation time of
107'1-10"13 5. Although these values are not tightly con-
strained, they overlap with other thermally activated pro-
cesses reported in Pr,Ca manganites. Anane et al.''> exam-
ined the rate of transformation from a metallic ferromagnetic
state to the ordered insulator phase in Pr67 and obtained 7,
=2.1X10"" s and E,=11.5 kJ mol™! (E,/kg=1380 K) for
the rate controlling step. Similar activation energies have
been obtained from electrical resistivity measurements in
Pr;_,CaMnO; (Refs. 59, 113, and 114) and in
Nd, sCaysMnO5,'> and also from electron paramagnetic
resonance measurements on LaggCay,Mn0;.1'% The com-
mon step perhaps relates to migration of polarons, therefore,
i.e., the migration of electrons between adjacent manganese
ions with a drag due to Jahn-Teller relaxations of the struc-
ture. A similar Debye-type attenuation peak has been ob-
served for 10 kHz longitudinal sound velocities at ~100 K
in Nd; 5Cag sMnO; though it was attributed to paramagnetic
ordering of Nd ions."”

The peak in Q7! at ~215 K [Fig. 6(b)] appears to be
equivalent to the characteristic peak in attenuation of ultra-
sonic acoustic waves just below the structural transition
point of Ca-rich members of the La;_,Ca,MnO; solid solu-
tion (Refs. 27, 46, and 49; presumably all at ~10 MHz) and
for Nd, sCay sMnOs (Ref. 117; 10 MHz). A similar peak has
been seen at low frequencies in Lag,sCay7sMnO5 (Ref. 48;
0.1-10 Hz) and Bij4Cay¢MnO5,"'® the height of which var-
ies with frequency but the peak temperature of which is in-
dependent of frequency. These features are consistent with
the loss mechanism being related to the structural changes
and development of a microstructure. On the basis of a re-
duction in the attenuation peak height with increasing mag-
netic field, Zheng et al.’’ suggested that “switching of the
magnetic correlations from ferromagnetic to antiferromag-
netic spin fluctuations” is important in Laj sCaysMnOs. The
data for Pr48 [Fig. 8(b)] show no equivalent reduction in the
maximum value of Q! between 0 and 10 T, suggesting that
the loss is related to structural rather than magnetic aspects
of the transition in the present case.

The plateau region between ~215 and ~90 K is the
equivalent of the plateau region of attenuation associated
with twin wall mobility in ferroelastic perovskites. Local dis-
placements of IC antiphase boundaries due to the ¢,/ e, cou-
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pling are kinetically unhindered above the freezing interval
but are subject to some effective viscous drag. As with the
ferroelastic twins, disruption of phonons is likely to be at
least a contributory factor to this viscosity.

C. Hysteresis and relaxations of the IC structure

There is a characteristic hysteresis in the magnetization
behavior and incommensurate repeat variations in the incom-
mensurate phase of Pr48 (Refs. 53 and 54) which appears
also in the shear modulus (this study) between ~100 and
~200 K. Cox et al.>* argued that this hysteresis is a conse-
quence of kinetic constraints on the evolution of the IC struc-
ture, and the newly identified Debye peak confirms that the
low-temperature limit is determined by a freezing process.
Similar differences to those seen on heating and cooling are
seen also on increasing and reducing the external magnetic
field at relatively high temperatures within the stability field
of the IC structure [Fig. 9(a)]. The hysteresis is most ex-
treme, however, when the magnetic field is changed at low
temperatures, as evidenced by the data for 10 T in Fig. 8(a).
When the field is applied at ~10 K, there is an immediate
but small drop in the value of the shear modulus from ~70
to ~69 GPa. Heating and subsequent cooling returns the
shear modulus to ~63 GPa. It is clear, therefore, that the IC
structure contains two responses to temperature and mag-
netic field, one is displacive and effectively instantaneous
and the second is thermally activated. The thermally acti-
vated component involves a rate limiting step with an acti-
vation energy and attempt frequency which appear to match
values for migration of polarons and presumably relates to
some degree of charge ordering.

Above the freezing interval, the normal expectation would
be that the relaxation process involved in changes in charge
order should be sufficiently rapid that equilibrium is
achieved in times that are short in comparison with the nor-
mal heating and cooling rates. That this is not the case im-
plies that local, metastable minima are achieved instead. In-
creasing temperature from a highly ordered state results in a
small adjustment in the displacive component such that the
order/disorder component does not achieve the same value as
when starting from a relatively disordered state and lowering
the temperature. The displacive component must couple with
the magnetic field so that the same effect is seen in an ap-
plied field.

D. Correlation between property variations

Based on the variation in both the shear strain e, and the
volume strain, and the temperature of the maximum in the
excess heat capacity curve, the Pnma+« IC transition tem-
perature in polycrystalline Pr48 is 237 +2 K. This corre-
lates closely with the highest temperature, 238 K, at which
Sanchez et al.>® identified an incommensurate repeat by elec-
tron diffraction in Pr48 [their Fig. 3(a)]. The minimum in
RUS peak frequencies occurs at 232+ 1 at zero field in the
separate data sets from Cambridge and Los Alamos pre-
sented in this study, possibly suggesting that long-range or-
der associated with the I'} order parameter becomes estab-
lished ~5 K below the temperature at which the IC structure
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FIG. 11. Comparison of f2(«G) (this study) and spontaneous
strains for Pr48 (from Ref. 32). The excess e, strain, Aey, does not
show any obvious anomaly in the vicinity of 80 K, whereas the
volume strain, V,, shows a slight change in trend at this
temperature.

becomes established. This difference is evident in Fig. 11.
The transition temperature for Pr50 is ~240 K, as estimated
by Kajimoto et al.%* on the basis of neutron diffraction from
a single crystal and by Chen et al.%! on the basis of electron-
diffraction observations. The minimum in longitudinal ultra-
sonic wave velocity through a polycrystalline sample of Pr50
occurs at ~231 K (see Fig. 4 of Ref. 41), implying that the
offset is a general feature of the Pnma < IC transition. In the
present study it has also been found that there is no hyster-
esis in the temperature of the minimum in G, to a precision
of better than ~1 K, consistent with the transition being
thermodynamically continuous.3>>*

There are clearly premonitory effects indicated by
changes in magnetization and magnetic susceptibility which
start to occur at ~260 K in Pr48 (Refs. 53 and 54) and in
Pr50.°¢ These correlate with the onset of line broadening in
powder neutron-diffraction data,? the onset of an excess heat
capacity®* and a tail in the volume strain [Fig. 11(b)]. The
Pnma < 1C transition thus appears to be quite normal in the
sense of having short-range order or a degree of dynamic
ordering in a temperature interval of ~20-30 K above the
temperature at which long-range order is established and
macroscopic symmetry is broken.

Line broadening in powder neutron-diffraction patterns
reaches a maximum at ~210 K and diminishes to baseline
values at ~170 K.3? This maximum coincides with the
maximum in the rate of change in the excess tetragonal shear
strain (~220 K from differentiation of data in Ref. 32), the
maximum in rate of change in the shear modulus (~215 K
from differentiation of RUS frequency data) and the peak in
Q7! The correlation is consistent with the view that the prin-
cipal cause of elastic softening and stiffening is bilinear cou-
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pling of the tetragonal shear strain with the I'j order param-
eter, ¢,. Line broadening is indicative of inhomogeneous
development of tetragonal strain throughout the sample and
Carpenter et al.*® speculated that this might be due to the
pre-existing twin walls from octahedral tilting transitions at
higher temperatures.

There is perhaps a small anomaly in the trend of the vol-
ume strain with temperature at the expected Néel tempera-
ture but no obvious change in trend for the shear strain or
shear modulus (Fig. 11, and see Fig. 8 of Ref. 32). Linear
thermal-expansion data show no evidence for a change in
strain at ~180 K in polycrystalline Pr50 (Ref. 26) and there
is no evidence in the magnetic moment data of Garcia-
Mufioz et al?' that the antiferromagnetic transition is
smeared out. It follows that any elastic relaxation accompa-
nying the magnetic ordering is restricted to a very small vol-
ume strain. From this it follows, further, that there is likely to
be little if any coupling between ¢g,, and the antiferromag-
netic order parameter. Weak coupling with the volume strain
should lead to a small anomaly in the bulk modulus but this
may be at the level of experimental noise, even in the single-
crystal elastic constant data of Hazama et al.* for Pr50. The
absence of any strong coupling between the structural and
antiferromagnetic order parameters also explains the lack of
correlation between structural transition temperatures and
magnetic transition temperatures in accumulated experimen-
tal data for the Pr,_.Ca MnO; solid solution (Fig. 12).

The Debye peak in Q! and the related change in G at
~75 K correlate with a change in trend of the volume strain,
but there is no obvious anomaly in the shear strain (Fig. 11).
In polycrystalline Pr50 the same change in trend of linear
strain in zero field has been seen by Doerr et al.? and there
is also a shift in the longitudinal ultrasonic velocities to
lower values.*! The present data and those of Zheng et al.*!
are compatible if the shear modulus increases below ~80 K
but the bulk modulus decreases. There do not appear to
anomalies in any other physical properties at this tempera-
ture in published data for Pr48 or Pr50 so that the freezing
process seems to be accompanied only by a small volume
reduction. Below the freezing interval there are other anoma-
lies, however. For example, a change in magnetization is
induced by weak fields below 50 K in both Pr48 (Refs. 53
and 54) and Pr50.'13124126 The ac magnetic susceptibility of
Pr50 displays a cusp at ~41 K which has been interpreted
as a reentrant spin-glass transition that arises as a conse-
quence of frustration between competing ferromagnetic and
antiferromagnetic ordering.'?* This spin-glass transition is
perhaps related to the structural freezing process, since the
relaxation time at 40 K for E,=7 kJ mol™!, 7,=10"!"" s is
102 s [Eq. (14)], and Cao et al.'®* detected the magnetic
anomaly using ac frequencies of ~10>-10° Hz.

Close correlation between properties for polycrystalline
samples is not matched by comparable correlations for prop-
erties of single crystals. In particular, the single-crystal elas-
tic constants for Pr50 (Refs. 39 and 40) differ substantially
from the bulk properties obtained here for Pr48 and by
Zheng et al.*' for Pr50. Apart from the large discrepancy in
absolute values at room temperature discussed above, the
single-crystal data for (C;,—C,) have a large and apparently
discontinuous change at the transition temperature together
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FIG. 12. Compilation of experimental data from the literature
for transition temperatures in the Pr;_,Ca,MnO; solid solution.
Filled circles and open circle indicate transitions to ordered struc-
tures in which the preferred Jahn-Teller ordering scheme has M
(an ordered arrangement of “Q;” deformed octahedra) or I'j (or-
dered arrangement of “Q,” deformed octahedra) symmetry, respec-
tively. Crystals with Xc vn03=0.5 are expected to transform to an
incommensurate structure (e.g., Refs. 53 and 59-65) while those
with Xcavno3 <0.5 are expected to transform to a commensurate
structure (e.g., Refs. 14, 60, 61, and 119). Crosses represent anti-
ferromagnetic ordering temperatures; open squares represent ferro-
magnetic ordering temperatures, filled triangles represent a spin
canting transition, and the star represents a spin-glass transition.
Straight lines are guides to the eyes. Data from Refs. 19-22, 26, 40,
41, 56, 59, 61, 65, 118, and 120-125.

with a discontinuous reduction in the bulk modulus of more
than 60%. Discontinuities in elastic constants arise at second
order and tricritical transitions due to strain/order-parameter
coupling of the form AeQ?, but such a large discontinuity in
the bulk modulus seems unphysical in the light of the very
small volume strain (<0.002) which accompanies the transi-
tion. Nor is the 80 K anomaly seen in the single-crystal data.
Given the well-established importance of strain effects in
these materials, it remains possible that grain size or interac-
tions between grains in a polycrystalline sample are influen-
tial factors in these differences. For example, it is known that
the structural phase transition is suppressed in Pr50 when the
grain size is reduced below ~0.1 um.'?%'?” The sample
used in the present study had grain sizes in the range
~0.6-2.2 um, which is well above this limit, however, and
would be expected to show the same pattern of strain and
elastic behavior as occurs in other coarsely crystalline
samples.

At high magnetic field strengths, Pr50 becomes metallic
with respect to the temperature dependence of its electrical
resistivity. Seiro et al.>* associated the metal/insulator transi-
tion at temperatures above the structural transition in Pr50

PHYSICAL REVIEW B 82, 134123 (2010)

with a maximum in the derivative of longitudinal acoustic
velocity with respect to temperature. The same boundary ap-
pears in the H-T phase diagram of Doerr et al.?® and is
shown in Fig. 10. The maximum in |G/ dH| at high tempera-
tures has been added to Fig. 10, but does not obviously cor-
relate with any property reported in the literature for Pr50.
The only evidence for a metal/insulator transition which is
separate from the structural transition appears to be provided
by resistivity data of Zheng et al.*' who showed it as occur-
ring at 175 K in a 14 T field (see their Fig. 1). This is close
to the maximum of |dG/dT| in a 15 T field, which is at
~185 K in Fig. 8(a). More definitive evidence would be
required to establish whether there really is a direct link be-
tween metal/insulator behavior and elastic relaxations other
than at the structural phase transition.

VI. CONCLUSION

The intention of addressing the Pnma < IC phase transi-
tion in Pr48 from the perspective of elastic relaxations was to
test the hypothesis that phase transitions involving ‘“charge
ordering,” whether to commensurate or incommensurate
structures, can also be understood simply in terms of mul-
tiple order parameters and their coupling with strain. From
the results presented here and in Carpenter et al.’? this ap-
pears to be a valid approach. Octahedral tilting plays a role,
but the key order parameters relate to the zone center irrep
I'] and the zone boundary irrep 3, or X,. The evolution of
shear strains and the volume strain conform to the pattern
expected for a tricritical transition with order-parameter satu-
ration, the shear modulus softens as the transition point is
approached from either side with respect to temperature and
magnetic field strength, the value of the I'} order parameter
correlates with the repeat distance of the IC structure and
anelastic losses can be understood in terms of this coupling.
The model is complementary to more specific microscopic
models of the electronic effects (e.g., Refs. 40, 42, 128, and
129), in that it brings out the overriding constraints of sym-
metry as opposed to the physical origins for each order pa-
rameter. Dynamic properties related to microstructure identi-
fied through the acoustic dissipation then provide a link
between the macroscopic behavior and a microscopic mecha-
nism. On the basis of the activation energy and attempt fre-
quency estimated from the Debye peak at 75 K, the
Pnma <« 1IC transition and its microstructure appear to de-
pend on polaron kinetics in a way that implies some degree
of charge order.

The present approach has differed from previous Landau
descriptions in including the I'} order parameter. Because of
its bilinear coupling with the shear strain e, an explicit sig-
nature of the operation of this order parameter is the
pseudoproper ferroelastic softening of (C,,—C;,) ahead of
the transition point. Its electronic origin is confirmed by the
effect of magnetic field, which suppresses the softening. It
also accounts for differences in structural behavior across the
Pr;_,Ca,MnO; solid solution. The structure refinements of
Jirak et al.>® show that the Jahn-Teller ordering scheme of
PrMnO; has the long Mn-O bond of MnOg octahedra ar-
ranged in a zig-zag pattern within the (010) plane (with re-
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spect to Pnma setting), and corresponds to the M3 order
parameter of Carpenter and Howard.3® Refinements of the
structure of Pr48 show that this scheme starts to develop
below ~800-900 K but is replaced by the I'j scheme at
~240 K.*? The phase diagram for structural phase transi-
tions (Fig. 12) can therefore be understood in terms of a
crossover from M3 to I'} as the preferred ordering scheme
with increasing Ca content. In turn, the stability of the in-
commensurate structure (and its commensurate equivalent)
can be ascribed to strong linear/quadratic coupling of the g
and gy order parameters and strong coupling of g, with e.
Suppression of the IC structure by a strong magnetic field
occurs by antipathetic (linear/quadratic) coupling of g, with
the ferromagnetic order parameter.

Finally, there appears to be a continuous pathway for the
transition from a structurally ordered insulator state to the
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ferromagnetic metal state as a function of magnetic field
when the ordered state has an incommensurate structure.
This contrasts with the strongly first order behavior which
has been observed in Pr;_,CaMnO; with ~0.3<x<~0.5
and which provides a structural mechanism for CMR.
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