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Abstract:

A number of praseodymium-containing cobalt perovskites undergo temperature-
dependent metal-insulator transitions that involve a transfer of electrons between cobalt and
praseodymium cations. We have used high-resolution inelastic x-ray scattering to directly
measure the changes in the acoustic phonon dispersion through this transition in one such single
crystal, (ProgsYo.15)0.7Cap3C00s5, in an effort to understand the role of the lattice in the
transition. Transverse and acoustic modes were measured in the pseudocubic (200), (220), and
(222) zones both above and below the transition temperature. The resultant dispersion curves
reveal that the transition is associated with a significant hardening of the pseudocubic C;; elastic
constant, whereas C;, and Cy do not significantly change. Analysis of the temperature-
dependent damping of the longitudinal acoustic mode in the (200) zone reveals a peak in the
damping at temperatures just above the transition temperature. Significant elastic diffuse
scattering is also observed above the transition temperature, likely resulting from clusters in

which the electron transfer is beginning to occur as a precursor to the phase transition. The



presence of these clusters likely limits the phonon lifetimes, thus leading to the observed

damping.



Introduction:

There is a long history of the study of magnetic and electronic properties of compounds
that contain mixed or “intermediate”-valence rare-earth cations in which valence fluctuations
influence the properties [1,2]. In some cases, the average rare-earth valence shifts as a function
of an external variable such as temperature or pressure. This shift can be continuous or 1% order,
as in the case of samarium chalcogenides [3,4] for example. More recently, such phenomena
have been observed in the double perovskites Ba,PrRugolrg O [5,6] as well as certain cobaltite
perovskites, (ACo0Qs3), that contain praseodymium cations on the A-site. In the cobaltites, there
is a 1* order metal-insulator transition (MIT) on cooling [7], which is coupled to significant
anomalies in the magnetic susceptibility, lattice constants, and heat capacity. This MIT was first
reported for Pr;,Ca;,CoOs [7], but also occurs in various other similar compositions such as
(Pri,Y,)1..CaCo0O; [8-16]. Common to this series of materials is a distinct change in the Pr
valence that occurs at the MIT and has been observed in both x-ray absorption spectroscopy
(XAS) [8,10,15,17-20] and electron energy loss spectroscopy [16]. These experiments are
consistent with a concomitant change in the cobalt valence, indicative of a 1% order shift in
electron occupancy between sites, with the mean Pr valence increasing and the mean Co valence
decreasing upon cooling. This electronic shift had been predicted by changes in the band
structure determined by DFT calculations [21], which clearly show that the occupancy of the Pr
4f electrons is strongly coupled to the unit cell volume. In the low temperature phase, Pr cations
possess mixed valence, with the average between 3+ and 4+, whereas in the high temperature
phase the valence is 3+. XAS experiments also have been interpreted in terms of a simultaneous

Co spin state transition occurring at the MIT [8,19,20].



At the 1% order MIT temperature (7)), these materials undergo a distinct change in unit
cell volume, with the lattice parameters dropping to significantly smaller values in the low
temperature phase. This is thought to occur isomorphically, such that although the change in cell
volume is anomalously large at Tuyr, the crystallographic space group (Pnma does not
change [7,22,23]. Recent single crystal diffraction experiments are indeed consistent with this
picture [15]. In itself, the isomorphic crystallographic transition is of interest as it is known to
occur only in a few materials[24], including elemental cerium [25] and samarium
chalcogenides [4]. The comparison of Pr cobaltites to samarium chalcogenides may be
particularly appropriate because the volume collapse in the chalcogenides arises due to a shift in
the samarium valence and a concomitant semiconductor-metal transition. For example, SmS
undergoes a room temperature isomorphic transition at 6.5 kbar upon increasing pressure in
which Sm** transforms into Sm’* and the resistivity drops [4]. Similar transitions upon cooling
at ambient pressure were observed in Sm;YS [26], where the Y substitution provides a source

of chemical pressure.

Using inelastic neutron scattering, Mook et al. found evidence of strong coupling of the
valence fluctuations to the phonons in both SmS and Sm;Y«S [27-29]. Specifically, they
noticed significant anomalies in the dispersion of the longitudinal acoustic (LA) modes,
particularly for phonons propagating along [111]. These anomalies included: (i) an anomalous
upturn in the shape of the dispersion approximately 2/3 of the way to the zone boundary along
[111]; (i1) the fact that the LA phonons in the [111] branch were so soft that their energies were
smaller than the transverse (TA) phonons except very close to the zone boundary; (iii) an
anomalous broadening of the linewidths in the metallic phase. Some anomalies, such as

softening, were observed in the longitudinal optic (LO) modes as well. In contrast, TA and



transverse optic (TO) modes appeared relatively uncoupled to the change in valence. In a
simplified picture, this can be understood because longitudinal modes are correlated with
changes in interatomic distances (and hence lattice parameters) whereas transverse modes are
not [27]. Anomalous softening of the [111] branch of the LA mode was also later reported by

inelastic x-ray scattering experiments [30].

The identified coupling between valence fluctuations and phonons in the samarium
chalcogenides motivates similar investigations to measure the phonon dispersion of Pr cobaltites
in an effort to determine what role the lattice plays in the MIT and if and how the valence is
coupled to the phonons. After all, despite the similarity of an isomorphic valence transition in
both the Pr cobaltites and Sm chalcogenides, there are some notable differences such as the
collapsed phases being metallic in the samarium chalcogenides but insulating in the cobaltites;
thus, a priori, it is unclear how similar the coupling in the two systems is. To address this issue,
we have performed inelastic x-ray scattering measurements to determine the acoustic phonon

dispersion from a single crystal of (ProssYo.15)0.7Cao3C0055, which undergoes a valence

transition at Tyyr~ 135 K under ambient pressure.



Experiment:

Inelastic x-ray scattering experiments were performed on the HERIX instrument at Sector
30, 30-ID-C, of the Advanced Photon Source (APS) located at Argonne National Laboratory.
All inelastic measurements were taken as a function of energy transfer, hw, with the wave-vector
transfer, Q, fixed (i.e., constant-Q scans). The energy resolution of HERIX, which has a full-
width-at-half-maximum of ~ 1.5 meV, was measured using the elastic scattering from plastic and
fit as a Pseudo-Voigt function. This function was then convolved with the theoretical cross-
section during fitting of the experimental data to determine the inelastic scattering function,

S(Q,w), which is proportional to the measured intensity.

The inelastic x-ray scattering measurements were performed on a single crystal of
(Pros5Y0.15)0.7Ca03C00;. The crystal was grown by the floating zone method under high oxygen
pressure and is in fact the same as previously reported in Ref. [15], where it was also shown via
magnetometry and x-ray absorption spectroscopy that it undergoes the Pr valence transition in
accordance with the bulk of the literature on polycrystalline samples. The oxygen stoichiometry
has not been determined due to the reliance of the result on the accuracy of the metal cation
stoichiometry. The crystal possesses an orthorhombic symmetry (see Ref. [23] for structural
refinements of a similar composition), but was twinned as is usual for a perovskite with lower-
than-cubic symmetry. Because of this, we are limited to a pseudocubic approximation of the
symmetry over which the distinctions of the orthorhombic distortions are averaged over. As
such, Q is specified throughout this manuscript by an aristotype perovskite cell with the

pseudocubic lattice parameter, a,~3.78 A.



Measurements of the dispersion of both transverse acoustic (TA) and longitudinal
acoustic (LA) phonon modes were performed in three different zones centered at the Bragg
reflections, 7=(200), (220), and (222). For 7=(200), the TA mode that we measured has a
reduced wave-vector (g=Q-t), ¢//[010] and an atomic displacement direction (&), &/[100]; the
LA mode has ¢//[100] and &/[100]. For 7=(220), the TA mode that we measured has ¢//[110]
and &//[110], and the LA mode has ¢//[110] and &/[110]. Finally for 7=(222), the TA mode that

we measured has ¢//[110], and &/[111] and the LA mode has ¢//[111] and & //[111].

Additional X-ray diffraction measurements were performed on a second single crystal at
Sector 6-1D-D of the APS. The crystal was measured while in a nitrogen stream for temperature
control. Measurements were performed using X-rays with incident energy of 87.1 keV. A
Dectris Pilatus 2M CdTe detector was employed. The crystal was continuously rotated over
370° during the measurement at a rate of 1° per second, with 10 detector images collected per
second in order to obtain the three-dimensional distribution of scattering over a wide wave-
vector range. The data was symmetrized by employing m3m operations consistent with the
Laue symmetry observed in the scattering. Analysis of the data was performed using

NeXpy [31].



Results and Discussion:

We begin by considering the phonon measurements taken in the (200), (220), and (222)
zones both above (7=160 K) and below the transition (7=100 K). An example of measurements
of the TA mode in the (222) zone taken at these two temperatures is shown in Fig. 1. Significant
hardening of the mode (increase of the energy at the same wave-vector) is observed at 100 K

compared to 160 K, indicating that the sound-wave velocity, which is given by the linear regime
of Z—:) in the small ¢ (or, equivalently, the long-wavelength) limit of this mode, is increased at

lower temperature. We fit S(q,w) to that expected for a damped mode with an additional,
resolution-limited elastic contribution. For a damped phonon, the imaginary part of the dynamic

susceptibility (y") is given by [32]:

" Al 1 1
(1) Xdamped (qr w) = - []-2+[ ]a

w—-wg]? - P +[w+wo]?

where 7 is the half-width-at-half-maximum of the two Lorentzians which corresponds to the
energy width of the phonon at ¢ that arises due to damping. A and w, define the amplitude and
energy of the phonon at g. The phonon lifetime is inversely proportional to 7; so finite values of
I (i.e. line broadening beyond the spectral resolution) imply limited phonon lifetimes. The

fluctuation-dissipation theorem then relates y"(¢q,w) to S(¢q,w) such that:

—hw

(2) Xdamped”(qr w) =7[1l— em]sdamped (q, w).

Our fitting function thus is:

(3) Smeasured (q' w) = Sdamped (q' w) + Aelastic (q)6(w),



where A.si(q) represents the resolution-limited elastic cross-section and the expression for

Swmeasurea(q,@) 18 convoluted with the instrumental resolution.

By fitting the constant-Q scans in all three zones (see the supplementary information for
similar constant-Q scans of the other 5 modes [33]), the acoustic phonon dispersion was thus
determined at both 7=160 K and 7=100 K and is displayed in Fig. 2. Certain modes (e.g. the
LA 200 mode) are significantly harder at 100 K, whereas other modes (e.g. the TA 200 mode)
possess relatively little change. A listing of the six sound-wave velocities that were obtained at
both temperatures is provided in Table I. To make sense of these changes, we consider the
temperature dependence of the elastic constants. We note that because of the twinning we are
only able to evaluate the elastic constants in a pseudocubic approximation. In this
approximation, there are three unique elastic constants (C;;, C;2, and Cyy), and these are related

to the sound wave velocities, v]:9%, by the following equations [34]:
(4) C1y = p[vigol?,
(5) Cas = p[v300]%,
(6) %(611 + Cip + 2C4) = p[vi3o]?,
(7) %(611 — C12) = p[v3350]°,
(8) §(611 +2C1; + 4Ch4) = p[v33,]%

and: (9)

[V

[C11 — Ciz + Cay] = p[vish]?.



In equations (4)-(9), the &kl subscripts of vI9%¢ specify the zone, while the mode superscript
specifies whether the mode is transverse or longitudinal acoustic, and p is the density of the
crystal. We fit the measured velocities using these relations to obtain the three pseudocubic
elastic constants at both 7=160 K and 7=100 K, which are given in Table II. From the fitting, as
well as from the observations that there is essentially no change in the TA dispersion in the (200)
mode but a large change in the LA dispersion, we see that C;; changes significantly (increases by
about 33%), whereas Cyy does not change significantly. C;> may change, but not nearly as much
as C;; and the change would be at the level of the uncertainty, so we cannot say definitively
whether it does or does not. Cj; relates an axial stress to strain along the same axis, and its

change implies that the low temperature phase is axially stiffer.

We now further examine the temperature dependence of the LA (200) and TA (222)
modes, shown in Fig. 3. Each scan was fitted by equation (3), and the resultant parameters are
shown in Fig. 4. A sharp increase in both the LA and TA phonon energy is observed upon
cooling through Tyr as is clearly seen in Figs. 4(a) and 4(c). Interestingly, although neither of
these modes is strongly damped at these wave-vectors, we observe a distinct temperature-
dependence to the width (/) of the LA (200) mode. In the metallic phase at 250 K, 7"is ~ 1.15
meV implying that the mode is slightly under-damped with a finite lifetime. As Tuqr is
approached upon cooling, 7/ increases to ~ 1.6 meV. It is maximal just above T)7, and drops as
Tyur 1s passed and reaches 0.9 meV at 120 K, below which it remains constant. This
temperature-dependent width evidences a correlation between the phonon lifetimes and the
electrical properties and hence valence fluctuations. Thus, there is a correlation of the phonon
lifetimes with the valence fluctuations, with the phonon lifetime of the LA (200) mode becoming

minimal at a temperature just above 7T),7. The variance in the temperature dependence of the

10



width of the TA mode at (2.15, 1.85, -2) was, on the other hand, at the level of the uncertainties

from the fit such that no coupling of that mode width to the transition could be discerned.

Given that there are changes in the phonons at long wave-length, there are likely
anomalies over a broader range of wave-vectors. Measurements were taken at larger ¢ extending
out to the zone boundaries, but we found that the observed phonon cross-sections become very
broad and almost certainly result from the superposition of several modes (i.e., by a combination
of acoustic and optic modes) as can be seen in Fig. 1 and in the supplementary figures [33]. This
superposition complicates assessment of the dispersions of the modes and linewidths at large ¢.
While several of these phonons clearly show temperature-dependent shifts, we do not discuss

them in further detail because it is not possible to resolve the individual modes.

Interestingly, inspection of the temperature dependent spectra in Fig. 3 reveals that not
only the phonon energies harden in the low temperature phase, but that there are also clear
changes in the elastic cross-sections at both @=(2.1,0,0) and Q=(2.15,1.85,-2). Specifically, the
elastic scattering at both of these wave-vectors is significantly enhanced around T),7. We first
attempted to add a quasi-elastic term to equation (3) to allow for a broadening of the elastic line,
but found that the enhancement is elastic within the energy resolution of the experiment (though
fluctuations at sub-meV energies cannot be ruled out). Since the enhancement of the elastic line
is well displaced from the Bragg reflections at both wave-vectors, this intensity is elastic diffuse
scattering. In order to characterize the temperature dependence of this diffuse scattering more
precisely, we measured the scattering at (2.1,0,0) as a function of temperature with the
spectrometer aligned on the elastic line, as shown in Fig. 5. The diffuse scattering increases
steadily below 180 K and forms a relatively sharp peak in temperature at 7,7, and then drops

back down as the temperature is further decreased. This temperature dependence is reminiscent
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of critical scattering that is observed in 2" order phase transitions, such as that observed around
paramagnetic-ferromagnetic phase transitions. However, in the present case the transition is
known to be 1% order. Moreover, in the case of 2" order transitions, the scattering is inelastic,
whereas here it is elastic. Thus, in these ways, the diffuse scattering differs from critical

scattering.

To further understand the origins of the diffuse scattering, additional measurements were
performed at Sector 6 of the APS. The use of an area detector allowed for observation of S(Q)
over a large volume of wave-vector space. It is important to note that, whereas the
measurements on HERIX have energy discrimination, the measurements on Sector 6 do not. The
observed intensities contain both the elastic and the inelastic contributions, which cannot be
resolved; nevertheless, they are still useful for determining the shape of the diffuse scattering
over a large volume of reciprocal space. Fig. 6a shows an example of the diffuse scattering at
130 K in the pseudocubic (hkO0) scattering plane. In addition to the strong Bragg peaks, a weak,
diffuse pattern is observed. To extricate the part of the diffuse signal that varies with
temperature, the diffuse signal at low temperature (110 K) was subtracted from the signal just
above Tyyr (150 K). We note that the subtraction was performed upon data in reciprocal lattice
units and that the reciprocal lattice unit was adjusted at both temperatures to account for the
temperature variation in the pseudocubic lattice constant. Thus, the temperature-subtracted
signal informs how the local atomic deviations from the average high temperature structure (150
K) differ from the local atomic deviations from the average low temperature structure (110 K),
but they do not directly inform the change in structure since the average high and low
temperature structures are different. Fig. 6b shows the temperature-subtracted intensity in the

(hkO) plane. There are large swaths of reciprocal space (which appear red) that possess stronger
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diffuse scattering at high temperature, and other swaths (which appear blue) that possess weaker
diffuse scattering at high temperature. These broad features appear similar to classic ‘size-effect’
diffuse scattering, where the symmetry-breaking local structure accommodates differently sized
cations that occupy crystallographically equivalent positions [35]. In the present case, we note
that there are three different atomic species that occupy the A-site (Pr, Ca, and Y), and moreover
that we have to consider two different Pr valence states (3+ and 4+) which have differently sized
radii. On the B-site, there are different cobalt valence states (3+ and 4+), with different radii as
well as the potential for different Co®" spin states which also have unique radii. Thus, there are
many potential sources of size-effect scattering, though the most dominant contribution is likely

from Pr because it has the most electrons and is thus by far the dominant scatterer.

It is useful for understanding the diffuse scattering to consider the 3-dimensional
difference pair distribution function (3D-APDF), which is the Fourier transform of the diffuse
scattering at a particular temperature with the average structure subtracted out by removal of the
primary Bragg reflections [36,37]. The 3D-APDF is a function of a real space vector 7
connecting a pair of atoms. Positive values of the 3D-APDF describe correlations more likely
than average to be present in the local structure, and negative values describe correlations less
likely to occur, each weighted by the form factor. Additional details regarding the generation of

the 3D-APDFs can be found in the supplementary information [33].

Fig. 6¢ shows the 3D-APDF at 130 K. A key feature is the split negative and positive
intensities centered at 7=[1,0,0], which connects an atom in a particular pseudocubic cell to the
atom at the same position in the next pseudocubic cell. This feature is indicative of ‘size-effect’

scattering, where the average distance between two atoms on crystallographic sites connected by

13



a given real-space vector is dependent on the distinct types of atoms occupying those sites. Co-
Co and O-O pairs can be eliminated as the source of this 3D-APDF signal because there are only
single atom types on the Co and O sites. As the only crystallographic site with distinct
occupants, this suggests the distance between A-site nearest-neighbors differs depending on their
atom type. The positive intensity at 7=[1+4,0,0] indicates that nearest-neighbor Pr-Pr distances
are likely to be larger than one lattice unit, while the negative intensity observed at 7=[1-6,0,0]
indicates that nearest-neighbor distances between lighter atomic pairs are likely to be smaller

than one lattice unit.

By creating 3D-APDFs at various temperatures, the temperature-dependence of the local
long correlations can be assessed. Fig. 6¢ tracks the positive and negative correlations at 1+J
and 1-0. A clear anomaly is observed at Tz, below which the probabilities of these correlations
steadily increases. If we attribute these features to Pr-Pr pairs, as suggested above, then this
implies that long, symmetry breaking nearest neighbor Pr-Pr correlations tend to increase in
quantity below T)47. A splitting of pair correlations was also observed in the 3D-APDF at
7=['4,%,%], as shown in Fig. 2D. This correlation corresponds only to nearest neighboring Co-
(Pr/Y/Ca) pairs. We again see that an axially longer length is positively correlated, and a shorter
length is negatively correlated. By similar arguments as above, these correlations are dominated
by Co-Pr pairs. As the temperature is lowered, an anomaly is again observed in the positive and
negative correlations; however, in this case at low temperature the probabilities of these
correlations is diminished below T4r. Although we lack a complete understanding of the
mechanisms of the local distortions, it is clear that correlations involving Pr cations show
anomalous temperature-dependent splitting that is tied to the metal-insulator transition and shift

of valence.
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The observation of the critical-like diffuse scattering above 7y indicates that there is a
breaking of the long-range symmetry on local length scales as T);r is approached from above
and clearly indicates that these distortions are precursors to the phase transition. This is
surprising for a transition that is 1* order. However, we note that it is reminiscent of the body of
work on martensitic phase transitions [38] (e.g., TiNi), which show clear evidence of diffuse
scattering as a precursor above the phase transition. We speculate that in the present case, the
source of the short-range order are regions/clusters above 7,47 in which the valence has begun to
shift. This interpretation is consistent with the XAS measurements of Fujishiro et al., who
showed that the charge transfer between Pr and Co occurs above T);r and occurs gradually [8].
The existence of such distortions may lead to the dampening of the phonons which is maximal

near Ty as discussed above.
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Summary:

We have determined the dispersion of the long-wavelength acoustic modes both above
and below Ty;r for (ProgsYo.15)07Cap3C00s.s and determined the TA and LA sound wave
velocities along [100], [110], and [111] pseudocubic directions. Significant changes in certain
sound wave velocities can be rationalized in terms of changes in the C;; pseudocubic elastic
constant. The phonon energies and linewidths have been determined as a function of
temperature through the phase transition, and coupling of the linewidths to the valence transition
is evidenced. Surprisingly, significant elastic critical-like scattering is present above T);7r and
becomes maximal near 7)4r. This diffuse scattering, reminiscent of that observed around
martensitic phase transitions, arises from precursor local lattice deformations above 77, which
may arise from precursor changes in the Pr valence state, consistent with XAS measurements.
Local pair correlations involving Pr atoms exhibit deviations from the average structure as
evidenced in the 3D-APDFs. Such distortions may lead to the observed damping of certain

phonons.
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Tables and Captions:

Table I: Sound velocities determined from the linear, low-q portion of the acoustic phonon
dispersion. The uncertainties represent the standard deviation from the fitting.

zone | mode | direction of ¢ | direction of & | vigox [105 cm/s] | Vvipok [105 cm/s]
(200) | TA [010] [100] 3.77+0.02 3.66+0.03
(200) | LA [100] [100] 5.71+£0.05 6.77 +£0.08
(220) | TA [1-10] [110] 3.28+0.02 3.55+0.02
(220) | LA [110] [110] 5.97 £0.08 6.43+0.12
(222) | TA [1-10] [111] 3.276 +£0.001 3.719 £ 0.008
(222) | LA [111] [111] 6.16 £ 0.06 6.66 + 0.04

Table II: Pseudocubic elastic constants determined from measurements of the acoustic phonon
dispersion at 100 K and 160 K. The uncertainties represent the standard deviation from fitting.

T[K] | C;y[10" Nm™] | C;»[10" Nm™] | Cyy [10" Nm™]
160 2.20+0.20 0.92 +0.19 0.90 + 0.06
100 2.94+0.16 1.13+0.14 0.96 + 0.06
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Figures and Captions:
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Fig. 1: Constant-Q scans of the transverse acoustic mode in the pseudocubic 222 zone. The solid

red lines represent fits to a damped harmonic oscillator.
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Fig. 2: Dispersion of the transverse and acoustic modes in the (a-b) (200), (c-d) (220), and (e-f)
(222) pseudocubic zones at 100 K (blue circles) and 160 K (red diamonds). Dashed lines show

the linear fit to the dispersion in the long-wavelength limit.
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Fig. 3: Temperature dependent constant-Q scans of the (a-e) longitudinal acoustic mode at
(2.1,0,0) and the (f-j) transverse acoustic mode at (2.15,1.85,-2). The solid red lines represent
fits as described in the text. Uncertainties in the measured intensities are smaller than the size of
the symbols used to show the data.
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Fig. 4: Results from the fitting of the constant-Q scans of the longitudinal acoustic mode at
(2.1,0,0) and the transverse acoustic mode at (2.15,1.85,-2). The phonon energy, hw, is shown in
(a) and (c), at (2.1,0,0) and (2.15,1.85,-2) respectively, while the width, 7 is shown in (b) and
(d), at (2.1,0,0) and (2.15,1.85,-2) respectively.
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Fig. 5: Temperature dependence of the elastic scattering at (2.1,0,0).
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Fig. 6: (a) X-ray scattering in the (hk0) plane at 130 K shows diffuse features. (b) The low
temperature (110 K) diffuse scattering is subtracted from the 150 K scattering. (c) The 3D-
APDF in the z=0 plane. The long-pair correlation is circled in green, and the short-pair
correlation is circled in orange. (d) The 3D-APDF in the z= "2 plane. The long-pair correlation
is circled in green, and the negative short-pair correlation is circled in orange. (e) The
temperature dependence of the positive and negative correlations depicted in (c) are shown in
green and orange, respectively. (f) The temperature dependence of the positive and negative
correlations depicted in (d) are shown in green and orange, respectively.
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