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3.3 Experimental Methods 23

Figure 3.5 Top top right image shows the Spallation Neutron Source at Oak Ridge Labs [56]. The
site houses both the NOMAD and HYSPEC beamlines utilized for neutron diffraction studies. The
bottom left image contains a visual of the M20D beamline at Triumf on the University of British
Colombia campus. On the the right is an image of the beamline structure and beamline room itself

of the 28-ID-1 beamline at NSLS-II at Brookhaven Labs.
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3.3.2 Sample synthesis and experimental details

Single-phase high-purity polycrystalline powder samples of Sry_,Ba,Mn;_,Ti,O3 were synthesized
by the group of Omar Chmaissem at Northern Illinois University according to previously published
recipes [13,14]. As Sr;_,BaMn;_,Ti,O3 pervoskites are metastable, careful material synthesis
conditions must be maintained to avoid forming a hexagonal phase. Samples were prepared with
stoichiometric mixtures of SrCO3, BaCO3, MnO,, and TiO; in a two step process. The initial step
created single-phase, oxygen deficient Sry_,Ba,Mn;_,Ti,O3 through solid state ceramic fabrication,
with several grinding and heating cycles. Thereafter, the oxygen-deficient samples were annealed in
oxygen at 350-450 °C with a slow cooling afterwards to ensure 3.00 + .01 oxygen atoms per unit
formula, confirmed by thermogravimetric analysis. The compositions prepared for the current study
were (x,y) = (0.45,0),(0.6,0.05), and (0.7,0.12). The phase purity of each sample was verified
through x-ray diffraction. Barium content for the sample of nominal Ba concentration x = 0.60
was verified via Rietveld refinement using the program GSAS-II [57]. Fits to x-ray diffraction data
utilizing the tetragonal model and Ba concentrations of 0.60 and 0.45 yielded R,, values of 6.596
and 6.815 respectively, as expected based on the nominal composition (see Fig. 3.6).

Further characterization was performed with magnetic susceptibility measurements (M /H)
utilizing a Quantum Design Magnetic Property Measurement System (MPMS-3). The data were
collected in a field of 1 T upon warming after the samples were cooled to base temperature in zero
magnetic field (ZFC-W). We show in Fig. 3.7 the temperature derivative of the magnetic susceptibil-
ity for Srg 55Bag 45sMnO3 and Srg 4Bag ¢Mng 95Tig 0503. T as determined by the maximum of the
curve is 193 K for Sry 55Bap45sMnO3 and 149 K for Srg4Bag ¢Mng 95Tig 9503. These values are
consistent with the results published in Ref. [14], confirming the expected magnetic behavior for
these samples. We note that the ferroelectric behavior of samples of similar composition prepared
by identical methods was confirmed in Ref. [12]. For the purposes of the current study, verifying
the expected systematic behavior with Ba concentration is far more important than knowing the

exact composition with high precision.
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Figure 3.6 Rietveld refinement through the program GSAS-II of Sry4Bag¢Mng 95Tig 0503 using
the nominal composition with x = 0.60. Compared to refinements with x = 0.45, the nominal

composition produces the best fit.
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Figure 3.7 Temperature derivative of the magnetic susceptibility of Sry 4BageMng 95Tig.0503 and
Srg 55Bag.4sMnO3 as a function of temperature. Maxima occur at 149 K and 193 K, respectively.

The measurements were taken in a field of 1 T using a zero-field-cooling protocol.
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For the neutron total scattering experiments, samples of mass ~200 mg were loaded into thin
quartz capillaries and mounted on the NOMAD beamline. Diffraction patterns with a total integrated
proton charge of 4 C were collected at a series of temperatures between 90 and 500 K using a
nitrogen cryostream to control the temperature. The time-of-flight scattering data were reduced and
Fourier transformed with Qp.x = 30 A-1to produce the PDF data using the ADDIE software [58].
For the x-ray total scattering measurements performed on beamline 28-ID-1 at NSLS-II, samples
of mass ~15 mg were loaded into polyimide capillaries placed in a liquid helium cryostat, and
mounted on the beamline. We collected scattering patterns between 5 K and 500 K in steps of 5 K.
The resulting diffraction patterns were azimuthally integrated using pyFAI [59] and normalized and
Fourier transformed into the PDF data using xPDFsuite [60]. Models of the atomic structure were
fit to the neutron and x-ray PDF data using PDFgui [61]. Magnetic PDF fits were carried out using
the diffpy.mpdf package [62]. We note that the total scattering data recorded in both the neutron
and x-ray experiments contain scattering intensity integrated over all energy transfers, and the PDF
therefore corresponds to the instantaneous local structure of the material.

For the polarized neutron scattering measurements performed on HYSPEC, the energy of the
incident neutrons was E; = 28 meV, and the frequency of the Fermi chopper was 60 Hz. The data
were integrated over energy transfers from —3 to 3 meV. Spin-flip (SF) and non-spin-flip (NSF)
data were collected with the neutron polarization oriented parallel to the Q vector corresponding
to the elastic scattering at the center of the 60° detector bank, for six different detector positions.
The total 260 scattering range covered by the measurements was 4 - 111°. The flipping ratio
was found to be 14 through measurements of the nuclear Bragg peaks in both the SF and NSF
channels. MANTID was used to implement post-processing data corrections for the angle-dependent
supermirror transmission and flipping ratio efficiency [55,63]. In this study, the magnetic scattering
is determined as the intensity measured in the SF channel corrected for the flipping ratio using Eq. 2

in Ref. [55].
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The powder samples were pressed into pellets for the uSR experiments. The pellets were
mounted on a low-background sample holder using aluminized mylar tape. The temperature was
controlled with a liquid helium cryostat. We performed the ¢ SR data analysis using the open source

program BEAMS [64].



Chapter 4

Results

4.1 Characterization of the local atomic structure

We first present results relating to the local atomic structure of (Sr,Ba)(Mn,Ti)O3 determined from
atomic PDF analysis of the neutron and x-ray total scattering data. We begin with model-independent

analysis of the data, which we then support through quantitative refinements of structural models.

4.1.1 Model-independent analysis

To illustrate the temperature dependence of the structure on a qualitative basis, we display in Fig. 4.1
the PDF data for SrgssBag4sMnO3 at various temperatures across the ferroelectric transition
(Tc = 350 K). Two data ranges are shown: 1.5 — 10 A, revealing the local structure, and 40 —
50 A, corresponding to intermediate-range structural correlations. The PDF patterns remain nearly
unchanged with temperature over the shorter range, with only a slight broadening and shifting of the
peaks to higher r visible as the temperature is raised from 255 K to 490 K. No abrupt change occurs
across 1c (highlighted by the red PDF curve). In contrast, clear and abrupt changes are seen across

Tc when inspecting the PDF patterns over the longer data range, such as a rightward shift of the

28
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Figure 4.1 X-ray PDF data for Srg 55Bag4sMnO3 between 250 K and 490 K displayed over the
range 1.5 — 10 A (a) and 40 — 50 A (b). The PDF patterns were collected in increments of 5 K
and are offset vertically on the plot for clarity. For the viewing range at higher r, clear and abrupt
changes are evident across the ferroelectric transition at 350 K (red PDF pattern). No abrupt changes

are observed in the low-r viewing range. Figure produced by Dr. Frandsen.

shoulder peak centered around 42 A, a merging of the small peaks between 45.5 A and 46 A, and
many other systematic changes as the temperature increases across 7c. Thus, the structural change
corresponding to the ferroelectric transition at 7¢ is clearly evident in the data over sufficiently
long length scales such as 40 — 50 A, while the local structure shows no such change. We can
therefore infer that the instantaneous local structure is already symmetry-broken well above 7¢ due
to short-range ferroelectric distortions.

To investigate this further, we computed the Pearson correlation coefficient between each PDF
pattern and the patterns collected at every other temperature for a given sample. This quantity, given

by

R— Zi(Gl,i_ <Gl>)(G27i_ <G2>) (41)
VEi(Gri—(G1))*Li(Gai — (G2))?
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can be used as a measure of the similarity between two data sets G and G, with angular brackets
denoting the mean. The Pearson coefficient ranges from 1 to —1, with 1 indicating perfect linear
correlation, 0 indicating no correlation, and —1 indicating anti-correlation between the two data
sets. We computed the coefficient for the data ranges 1.5 — 21.5 A and 41.5 - 61.5 A to allow a
comparison of the local and longer-range structure once again. The resulting Pearson correlation
maps are shown for Srg ssBag 45sMnQOj3 in Fig. 4.2 using both neutron and x-ray PDF data. These
plots can be read by selecting a pair of temperatures whose data sets are to be compared, locating
the intersection of these two temperature points on the plot, and then comparing the observed color
at that point to the color bar shown to the right of each plot. The main diagonal from lower left
to upper right always has a coefficient of unity (since the diagonal corresponds to each data set
being compared to itself), and the maps are symmetrical when reflected across the main diagonal.
Bright colors indicate a high level of similarity between PDF data collected at the corresponding
temperatures, while dark colors indicate less similarity. Panels (a) and (c) in Fig. 4.2 show the
correlations calculated from the neutron PDF data, which were collected at 10 temperatures between
90 and 500 K indicated by the dashed gray lines. Panels (b) and (c) show the corresponding x-ray
PDF results using data collected in steps of 5 K between 5 and 500 K. The top and bottom panels
show the correlation coefficients calculated from the shorter and longer data ranges, respectively.
Several features of the correlation plots bear mentioning. As can be seen by the color scales, the
overall variation across the full temperature range is significantly less for the shorter data range than
for the longer data range, consistent with our inspection of the PDF data in Fig. 4.1. The ferroelectric
and antiferromagnetic transitions are identifiable in the longer data range as relatively sharp changes
in the correlation coefficient in certain regions of the correlation maps. Specifically, a rapid variation
is visible in the long-range x-ray data Fig. 4.2(d) when traversing 350 K, corresponding to the
expected 7c of this composition. This indicates that the structure on the length scale of 41.5 —

61.5 A changes significantly and abruptly across 350 K.
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Figure 4.2 Color maps of the Pearson correlation coefficient for pairs of PDF data sets obtained
from Srg 55Bag 45sMnO3 at various temperatures. (a, b) Correlation coefficients computed for PDF
data in the range 1.5 —21.5 A using neutrons and x-rays, respectively. (c, d) Same as (a, b), except
that the data range 41.5 - 61.5 A was used. Vertical and horizontal dashed lines in (a) and (c) mark
the temperatures at which neutron PDF data were collected. X-ray data were collected on a uniform

temperature grid between 5 K and 500 K in steps of 5 K.
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In contrast, the variation across 350 K for the short-range data Fig. 4.2(b) is much less pro-
nounced, again supporting the idea that the local structure is already symmetry-broken above 7¢ and
does not undergo any significant rearrangement at the long-range ferroelectric transition. Evidence
of a structural change is less visible for the long-range neutron data Fig. 4.2(c), which we attribute
primarily to sparser temperature coverage across Tc compared to the x-ray data. On the other hand,
the antiferromagnetic transition can be seen in both the short- and long-range neutron data Fig. 4.2(a,
¢) around 200 K, the expected Ty for this composition. The x-ray results also show a variation in the
correlation coefficients across ~120 K, albeit much less well-defined than the transition visible at
350 K. We attribute this feature at 120 K to the antiferromagnetic transition. The discrepancy with
the expected Néel temperature of 200 K is due to known issues with low-temperature equilibration
for insulating samples in the cryostat used on the x-ray PDF beamline; in other words, although the
nominal cryostat temperature may be 120 K, the actual sample temperature could be much higher,
such as 200 K.

Some caution must be exercised when basing a claim of local symmetry breaking (such as
the one we made in the previous discussion) on the observation that the low-r region of the
PDF shows a higher Pearson correlation as a function of temperature than high-r regions. The
magnitude of the shifts in PDF peak positions due to thermal expansion scales proportionally with 7.
Therefore, even for a conventional material in which the local structure shows no deviations from
the average structure, correlation maps such as the ones displayed in Fig. 4.2 will always show
higher correlations for shorter data ranges than for longer data ranges. To verify that the correlation
maps generated from our PDF data actually contain evidence for local symmetry breaking rather
than merely thermal expansion, we corrected the computed Pearson correlations for the effects of

thermal expansion as follows.
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Figure 4.3 Pearson correlation coefficient for Sry 55Bag 45sMnO3 with respect to the x-ray PDF data
collected at 90 K, corrected for thermal expansion as explained in the main text. Three different data
ranges are used. The ferroelectric transition around 350 K is most evident for the highest r-range
but essentially invisible for the shortest data range, confirming that the local structure is already

symmetry broken above T¢.

First, we performed fits in PDFgui to representative low-temperature (90 K), intermediate-
temperature (285 K), and high-temperature (500 K) data sets. We then simulated the PDF pattern
at 90 K and 500 K using the lattice parameters refined at those specific temperatures but all
other structural parameters (atomic coordinates, atomic displacement parameters, and the linear
sharpening parameter in PDFgui) as determined by the refinement at the intermediate temperature.
Thus, the differences between the two calculated PDFs are due solely to the thermal shifts of the
lattice parameters. The Pearson correlation coefficient between these two simulated PDF patterns
was then calculated over the desired data range. We will call this coefficient Ry,. The quantity

ARy, = 1 — Ry, then represents the contribution of thermal expansion to the differences between
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the data sets collected at 90 and 500 K. By adding ARy, to the experimental Pearson correlation
coefficient Rex, computed from the actual data sets, we obtain a corrected correlation coefficient
R¢ = Rexp + ARy, for which the influence of thermal expansion has been removed (albeit crudely).
To apply this correction to the correlation coefficients calculated for all other temperatures with
respect to 90 K, the correction term ARy, was scaled linearly from 0 at 90 K to its maximum value
at 500 K, which presupposes linear thermal expansion.

The temperature dependence of the corrected Pearson correlation coefficient with respect to the
90 K x-ray PDF data for Sry 55Bag 45MnQO3 is displayed for three different data ranges in Fig. 4.3.

As the temperature increases toward and across 7c, the shorter data ranges show higher correla-
tion coefficients (both corrected and uncorrected) than the long data range. This further supports the
idea that the local structure undergoes no sharp change across T¢ because the local symmetry is
already broken in the paraelectric state. The transition appears as step-like change around 350 K in
the correlation curve for the 41.5 — 61.5 A data range, with a slightly broader step observed for 21.5

—41.5 A. Similar results are found for the neutron PDF data and for the other compositions.

4.1.2 PDF boxcar fits

Complementing the model-independent analysis presented in the previous section, we now present
structural refinements of the tetragonal model against the PDF data. We used a boxcar fitting
approach, in which the structural model was refined against a sliding window through the PDF
data. In our case, we performed fits over a 20 A range beginning with 1.5 - 21.5 A and ending with
41.5-61.5 A in increments of 2 A, resulting in 21 distinct fitting ranges for each temperature and
hundreds (for the neutron data) or thousands (for the x-ray data) of fits for each sample studied.
This enables a very detailed study of the evolution of the local structure (as determined from the
shorter range fits) to the intermediate or average structure (as determined from the longer range fits).

We used the tetragonal model at all temperatures, including those in the nominally cubic phase, to
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Figure 4.4 Representative neutron PDF fit for Sry 55Bag 45MnO3 at 180 K. The blue symbols show
the experimental data, the red curve the best fit, and the green curve the fit residual, offset vertically

for clarity.

avoid imposing the symmetry of the average structure on the local structure. In the case that the
structure really is cubic, the tetragonal lattice parameters will simply converge to equal values in the
fit.

The structural parameters refined in PDFgui included a scale factor, the lattice parameters, the
coordinates of the atoms with symmetry-allowed positional degrees of freedom, the ADPs, and
the linear correlated motion sharpening parameter for the fits that included data below 5 A.The 7
coordinates of the atoms on the Mn site were fixed so that the positions of the other atoms could
shift relative to the Mn sites. The goodness-of-fit metric R, typically lay between 0.05 to 0.10,
indicating good quality fits. A representative fit is shown in Fig. 4.4, obtained from neutron PDF

data for Sry 55Bag 45sMnO3 at 180 K.
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The refined lattice parameters were extracted from each fit conducted for a given sample.
This allows us to quantify the temperature- and length-dependent behavior of the tetragonal (i.e.
ferroelectric) distortion by calculating ¢/a for every fit. The results for Srg ssBag 4sMnO3 based
on neutron PDF fits are shown in Fig. 4.5(a). The globally ferroelectric phase is seen as the bright,
horizontal band beginning at 350 K and extending to 200 K, below which AFM order sets in.
We see that the the tetragonal distortion persists for all fitting ranges (albeit with a diminished
magnitude) in the AFM phase, thereby confirming the multiferroic nature of the system. The
reduced tetragonal distortion in the multiferroic phase is consistent with previous reports [8, 13]. At
temperatures above 350 K, the long-range fits converge to ¢/a = 1, evident as the dark region in
the upper right corner of the plot. This is consistent with global cubic symmetry in the paralectric
state. In contrast, the short-range fits with rpy;q < 20 A reveal a clear local tetragonal distortion that
diminishes with increasing distance. Vertical cuts along rpyig = 15.5 A and 28.5 A are shown in
Fig. 4.5(b), further illustrating the difference between the shorter- and longer-range fits. This directly
validates the previous conclusion based on our model-independent analysis that the instantaneous
local structure is already symmetry-broken above the ferroelectric Curie temperature. Interestingly,
a local enhancement of the tetragonal distortion also seems to be present in the multiferroic state at

low temperature.
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Figure 4.5 (a) Tetragonal distortion ¢/a in Sry s5Bag 4sMnOs as a function of temperature and fitting
range, as determined by PDF boxcar fits to the neutron PDF data. The horizontal axis indicates the
midpoint of the 20-A fitting range ry,iq. Brighter (darker) colors correspond to a greater (lesser)
tetragonal distortion. Linear interpolation was used between discrete (rm;q, ') points. (b) Lattice
parameters extracted from the fits with ryjq = 15.5 A and 28.5 A, corresponding to the vertical

dashed lines in (a).
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Figure 4.6 Color maps encapsulating the same basic pattern as a function of temperature and r-range
as seen in Fig. 4.5. The plot on the right for Srg 3Bag7Mng ggTip 1203 only has data taken at 90 K,

300 K, and 500 K, so no cuts along specific r ranges were taken.

Additional results for neutron scattering from different compositions of (Sr,Ba)(Mn,Ti)O3 are
shown in Fig. 4.6. These other compositions show similar, but not as prominent, behavior as a
function of temperature and r-range in comparison with Sry s5Bag 45MnQO3. Scattering experiments
were performed at only three temperatures for Srg3Bag7Mng ggTip. 1203, making it more difficult to
identify the trends reliably. X-ray data is shown in Fig. 4.7, which also shows a similar pattern. The
x-ray fits were unstable in some regions, resulting in a rapidly varying c¢/a ratio in the corresponding
areas of the plots in Fig. 4.7. Instabilities in x-ray fits were most likely caused by the reduced signal
strength of the x-ray PDF data at high r. The x-ray diffraction patterns used to generate the PDF
have relatively low resolution in reciprocal space, leading to faster damping in real space compared

to neutron PDF data.



