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DIFFPY.MORPH addresses a need to gain scientific insights from one-dimensional (1D) scientific spectra in
model-independent ways. A powerful approach for this is to take differences between pairs of spectra and
look for meaningful changes that might indicate underlying chemical, structural, or other modifications. The
challenge is that the difference curve may contain uninteresting differences such as experimental inconsistencies
and benign physical changes such as the effects of thermal expansion. DIFFPY.MORPH allows researchers to apply
simple transformations, or “morphs,” to one of the datasets to remove the unwanted differences, revealing, when
they are present, nontrivial differences. DIFFPY.MORPH is an open-source Python package available on the Python
Package Index and conda-forge. Here, we describe its functionality and apply it to solve a range of experimental
challenges on diffraction and pair distribution function data from x-rays and neutrons, though we note that it
may be applied to any 1D function in principle.
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I. INTRODUCTION

Neutron and x-ray powder diffraction (NXPD) and atomic
pair distribution function (PDF) analysis are powerful tools
for probing the local and average structure of materials
[1,2]. They can provide many insights; for example, one can
compare NXPD patterns and PDFs of samples measured at
different temperatures to search for structural changes [3].
This may be done in a model-independent way by comparing
two patterns and looking for meaningful changes, for exam-
ple, by plotting the difference curve between the patterns or
computing similarity metrics such as the weighted agreement
factor (R,, [1,2]) or the Pearson correlation coefficient (PCC
[4], both defined in Sec. A of the Supplemental Material
[5]). This task is made more difficult in the presence of less
interesting effects such as expansion/contraction due to tem-
perature changes, thermal smearing due to increased thermal
motion, and certain experimental artifacts. These are effects
that may not represent “interesting” structural changes, but
can produce large contributions to the residual curves and
R,,’s, hiding more scientifically interesting structural changes.
A challenge is to remove the uninteresting changes to reveal
scientifically interesting ones when they are present.

Here we present the Python program DIFFPY.MORPH that
provides a solution to this problem by first applying simple
transformations, or “morphs,” to spectra to partially or fully
account for these noninteresting effects, allowing any interest-
ing changes that cannot be removed by the morph to become
apparent. Data transformations are not new, and a variety
of methods are used to match peaks in chromatograms and
spectral data (e.g., correlation optimized warping, dynamic
time warping, parametric time warping, etc.) [12—14]. Many
diffraction processing software packages also account for in-
strument broadening effects [15—17]. DIFFPY.MORPH provides
additional physics-inspired morphs to capture physical and
other instrumental or environmental effects. Unlike the warp-
ing methods, peaks do not need to correspond between the two
functions compared, meaning large residuals postmorph can
be used to discern scientifically interesting differences. This
approach is fast, model-independent, and a powerful tool for
interrogating data in real time as they are being collected. We
note that this approach is completely general and may be ap-
plied beyond diffraction and atomic pair distribution function
[2] data to any kinds of one-dimensional (1D) spectra.

Here we describe the approach and test it on a num-
ber of different real-world examples from our own studies.
We show how it can be used to reveal when a structural
phase transition occurs, and when it does not, in temperature
series PDF data. We then present an example in which a
thermodynamic parameter 8, the (linear) thermal expansion
coefficient, is extracted directly from temperature-dependent
data without modeling, and in contrast, where the tempera-
ture of a sample can be extracted given a known B, again
in a model-independent way. We present an example in
which experimental inconsistencies could be removed be-
tween datasets allowing them to be compared despite the
inconsistencies. Finally, we also present some more advanced
use cases, where we use DIFFPY.MORPH to find optimal pa-
rameters in a data reduction workflow by morphing low Qpax
high-throughput data to a reference high QOp,,x target dataset.

DIFFPY.MORPH is easy to use and flexible. It is open source
(BSD license) [18] and available on PyPi [19] and conda-forge
[20]. It has a command-line interface and API allowing it to
be integrated into users’ Python scripts. The program can read
most column-style data files (e.g., ‘.xy,” ‘.dat, ‘.chi, ‘.gr’)
with and without header information. It also automatically
handles comparison of two functions plotted on different grids
by using linear interpolation. Additionally, DIFFPY.MORPH can
estimate the one-standard-deviation errors of all fitted param-
eters.

Though this software was originally designed in the con-
text of PDFs, DIFFPY.MORPH and its morphs can be easily
applied to any general function. For example, a neutron scat-
tering experimentalist could compare two densities of states
(DOS) measured at different temperatures by morphing one
onto the other, or a computer vision scientist comparing two
pictures taken at different brightnesses can give the (flat-
tened) 2D images to DIFFPY.MORPH to correct for intensity
differences. One should be careful when using morphs to
avoid overfitting and ensure all their morphs are physically
sensible. For example, Gaussian smearing morphs should not
be applied to functions with Lorentzian peaks, and quantities
extracted from morphs that assume isotropic effects should be
interpreted with caution for highly anisotropic materials.

II. MOTIVATING EXAMPLES

Here, we introduce some examples that motivated our de-
velopment of DIFFPY.MORPH but which also illustrate how it
may be applied in different situations.

A. Identifying a structural phase transition

1. Identifying whether or not a phase transition
has occurred by using morphs

Figures 1(a)—1(c) show pairs of PDFs that were collected at
10 K (blue) and 300 K (red) with the difference curve plotted
below.We would like to answer the following questions: (i)
“Do any of these show a structural phase transition in this
range?” (ii) “If so, which?” We might be able to do this by
comparing the two PDFs and considering various difference
measures. A large difference measure should indicate that
there may be a phase transition, and a smaller measure should
indicate that there is not. We see the largest difference mea-
sures for (b) (R, = 0.6463) and then (a) (R,, = 0.5661), with
the smallest for (c) (R, = 0.4764), which might suggest that
it is more likely to find a structural phase transition in (a) and
(b). However, this is a wide temperature range, and there are
significant thermal effects. Figures 1(d)—1(f) show the corre-
sponding pairs of PDFs after applying “stretching,” “scaling,”
and “smearing” morphs, described further below, to the lower-
temperature data. In this case, the difference measures become
very small for (d) and (e) but remain somewhat large with
a significant unresolved signal in the green difference curve
for (f).

The sample in (c),(f) is an IrTe, compound, and in (a),(d)
and (b),(e), the iridium is substituted with rhodium and plat-
inum, respectively. Single crystals of IrTe, were grown with a
self-flux method [21], while rhodium-substituted [22,23] and
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FIG. 1. PDFs of IrTe, samples with various forms of substi-
tution measured at 10 K (blue) and 300 K (red). The difference
curves (green) are plotted below. All R, values are computed
on the grid r € [0 A, 35 A] with spacing dr = 0.01. (a) Sam-
ples are rhodium-substituted IrgsRho,Te,. (b) Platinum-substituted
Irg.95PtgosTe,. (¢) Pure IrTe,. Plots (d), (e), and (f) have the same
high-temperature PDF as (a), (b), and (c), respectively, but a “stretch-
ing,” “scaling,” and “smearing” morph has been applied to the
low-temperature PDF to best fit the high-temperature target PDF.

platinum-substituted [24] polycrystals were synthesized using
a solid-state reaction method.

After morphing, it is clear that pure IrTe, has a phase
transition in this temperature range, but substituting Pt, even
at the five percent level, suppresses the phase transition. This
was not apparent in the unmorphed data, but is confirmed by
structural modeling in the original study [25].

Similar problems arise when comparing 1D diffraction in-
tensities, 1(Q), prior to computing a PDF. Figures 2(a)-2(c)
show the same analysis as carried out in Fig. 1 but this time
on the 7(Q) data instead of the PDF.

As before, prior to morphing, it is much less clear from the
difference curve which of these cases have structural phase
transitions and which do not, but this is very apparent after
morphing.

We now investigate in more detail how these morphing
transformations actually affected the data. In Fig. 3(a) we
compare PDFs from IrggRhy,Te, at 250 K (blue) and 300 K
(red).The agreement factor R,, = 0.1042, and there are some
ripples in the green difference curve plotted below. By close
inspection, we can observe that the peaks in the warmer sam-
ple are broader and shifted to higher-r. This is most evident
in the region 30 < r < 35 A, plotted on an expanded scale
in Fig. 3(d). More evidence of peak shifting across the entire
r-grid is provided in the Supplemental Material [5], Fig. S1.
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FIG. 2. I1(Q)’s of IrTe, samples with various forms of substi-
tution measured at 10 K (blue) and 300 K (red). The difference
curves (green) are plotted below. All R, values are computed on the
grid Q € [0 A~!, 12 A~!] with spacing dQ = 0.02. (a) Rhodium-
substituted IrypgRhg,Te,. (b) Platinum-substituted IrgosPtqosTe,.
(c) Pure IrTe,. The I1(Q)’s plotted in (a)—(c) were used to generate
the PDFs in Figs. 1(a)-1(c). Plots (d), (e), and (f) have the same high-
temperature /(Q) as (a), (b), and (c), respectively, but a stretch and
scale morph has been applied to the low-temperature /(Q) to best
fit the high-temperature target 1(Q).

The peak shifts could come from thermal expansion
and the peak broadening from increased thermal motion.
DIFFPY.MORPH allows us to investigate whether a uniform
“stretch” of the lattice of the lower-temperature sample can
account for the peak shifts across the whole range of the
PDF without having to know and model the structure of the
material.

To accomplish this, DIFFPY.MORPH first interpolates the
lower-temperature PDF onto a slightly stretched r-grid r —
r/(1 +n). We call this the stretch morph with a stretch
parameter 1. Then, DIFFPY.MORPH multiplies the PDF by a
constant scale factor s. This is the “scale” morph with scale
factor s. The result of applying these two transformations is
shown in Fig. 3(b). The R,, is significantly reduced, as are
ripples in the difference curve.

From a practical perspective, it is tedious to find the exact
stretch and scale morphs to best explain the difference,
so we wrap the transformation in a least-squares regression
method to find the n and s values that minimize the R,
between the PDF of the low-temperature signal after morph-
ing [which we denote the “morphed” signal G,,(r)] and the
untouched high-temperature PDF [the “target” signal G, (r)].

Although R, is reduced by almost a factor of 2 by the
stretch and scale morphs, differences remain. We would
like to see the extent to which they can be removed by a
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FIG. 3. Morphed PDFs of IrggRhg,Te, samples measured at
250 K (blue) plotted against unmorphed PDFs measured at 300 K
(red). The difference curves (green) are plotted below. All R,, values
are computed on the grid r € [0 A, 35 A] with spacing dr = 0.01.
(a) No morph is applied. (b) A stretch and scale morph is applied
to the lower-temperature PDF. (c) A stretch, scale, and smear
morph is applied to the lower-temperature PDF. Plots (d), (¢), and (f)
are the same as (a), (b), and (c), respectively, zoomed into the region
30 <r <35A.

uniform broadening, or smearing, of the radial distribution
function (RDF) of the lower-temperature sample. We accom-
plish this by computing the RDF from the morphed PDF,
convolving the RDF with a normalized Gaussian function
with variance o2, and we convert the smeared RDF back to a
PDF. We then vary the 0% of that convolution function until
we get the best agreement between the morphed PDF and
the target PDF. This is the “smear” morph with smearing
parameter o. The result of turning on the smear morph trans-
formation on top of the stretch and scale morphs is shown
in Fig. 3(c). This results in a further reduction in R,, of 31%
and an almost flat difference curve. For more details on how
the morphs are implemented, see Sec. I11.

In the absence of a structural phase transition, the one place
in the difference curve where significant fluctuations remain
after morphing is in the vicinity of the first peak at r = 2.7 A.
This is evident in the difference curve in Figs. 1(d) and 1(e)
and Fig. 3(c). This phenomenon is well-known and is due
to changes in the correlated atomic motion [26]. This could
be removed with a smear-morph applied over just the range
of the PDF incorporating this first peak. It would allow the
temperature dependence of the broadening of the first peak to
be extracted separately from the higher-r peaks and extract
information about the degree of motional correlations, though
we do not do that here. It also shows how careful morphing
can remove some features and not others, revealing key in-
sights.

0 50 100 150 200 250 300
Temperature (K)

FIG. 4. (a) R, (blue) and Pearson correlation coefficient (red)
computed between a morphed and target PDF from IrTe, PDFs
measured at temperatures ranging from 9 to 297 K. (b) The stretch
parameter 7 found in each morph indicating thermal expansion. This
parameter sharply drops above 263 K. The drop indicates contraction

at the phase transition. Dashed lines are linear fits to the low- and
high-temperature regions.

2. Finding the temperature of a phase transition
by analyzing multiple morphs

We have seen how DIFFPY.MORPH is helpful in identifying
whether or not a phase transition has occurred, but it can also
help to identify the temperature range in which the transition
occurs.

On a dataset of IrTe, PDFs measured from 10 to 300 K,
we have used DIFFPY.MORPH’s capability to create multiple
morphs (stretch, scale, smear) of the lowest-temperature
PDF with each higher-temperature PDF in the set as a target.
In Fig. 4(a), we plot the resulting (post-morph) R,,’s.The R,’s
vary slowly over the entire temperature range until 263 K,
at which point there is a rapid change in slope until 283 K,
where it again slows down. The same can be seen in the PCC
curve shown in red. A phase transition (from low-temperature
triclinic to high-temperature trigonal) has been observed near
280 K [27]. The DIFFPY.MORPH analysis shows the onset of
this phase transition on cooling beginning at around 283 K
with the distortion growing smoothly on cooling until around
263 K but using a completely model-independent analysis and
a simple command in a terminal.

3. Comparison of DIFFPY.MORPH with model refinement
techniques

This method of identifying phase transition temperatures
using DIFFPY.MORPH produces results that agree with struc-
tural model fitting techniques such as PDFGUI [28]. There is a
known structural change in SrFe,As, between 192 and 198 K
[3]. PDFs of SrFe;As; measured from 150 to 246 K were
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FIG. 5. (a) R, (blue) and PCC (red) after morphing the PDF
from SrFe,As, measured at 7 = 150 K onto the PDF measured at
target at temperatures up to 246 K. (b) The stretch parameter n
obtained from each morph. The dashed and dotted lines show best-fit
linear curves in the temperature ranges 156—192 K and 198-246 K,
respectively. The slope gives the thermal expansion coefficient in
the respective temperature ranges. (c) The R,,’s obtained by fitting
a tetragonal (blue) and orthorhombic (red) structure to each PDF
on the r-range [0.5 A, 100 A]. The black vertical dashed line is a
guide to the eye at the first measured point above the structural phase
transition.

sourced from data published alongside the textbook “Atomic
Pair Distribution Function Analysis: A Primer” [3,29]. In
Fig. 5(a), we have plotted the R,, and PCC values resulting
from morphing the PDF of SrFe,As, measured at 150 K to
PDFs of the same sample measured at the various higher
temperatures.As the temperature increases, we observe a steep
ascent in the R, and descent in the PCC within the tem-
perature range of the phase transition. We have also used
DIFFPY.MORPH to plot the stretch parameter used in the
morphs across temperature in Fig. 5(b). While this parameter
increases linearly from 156 to 192 K and from 198 to 245 K,
indicating some isotropic expansion in those ranges, the
stretch parameter does not change from 192 to 198 K, fur-
ther confirming that some more interesting structural change
is occuring at those temperatures. Structural modeling refine-
ment done by PDFGUI [28] shows that the tetragonal model

only fits well past 198 K, indicating some structural phase
change occurs past this temperature. This result was obtained
in a model-independent DIFFPY.MORPH analysis.

B. Extracting material properties using morph comparisons

1. Thermal expansion and Debye temperature using stretch
morph on temperature dependent x-ray data

Using a series of PDFs measured at different temperatures,
one can estimate the linear thermal expansion coefficient of
a material using the stretch morph. For nearly harmonic
materials, one can further compute the Debye temperature by
looking at the derivative of the stretch parameter with respect
to temperature.

In Fig. 4(b), the value of the stretch morph parameter
n(T) computed on the grid r € [0 A, 35 A] is plotted against
temperature for the IrTe, sample whose x-ray PDF was mea-
sured versus temperature. We see this grow smoothly, albeit
noisily. By finding the gradient of n(7T"), we can extract the
thermal expansion coefficient as we discuss below.

The stretch parameter obtained from morphing between
a temperature T, and 7}, is an average isotropic strain € (7, Tj)
of the material induced by the change in temperature (shown
in the Supplemental Material [5], Sec. C). We can compute a
linear thermal expansion coefficient 8(7;) using

B(T,) = n(Ty) — n(Ta) )
(Tp — TH[1 + n(Ta)]
~ 2~ 1T .
b — La

where the approximation holds for n(7,) < 1. Each B(T,)
was computed from discrete temperature data using finite
differences of n(T). From Fig. 4(b), we compute an average
thermal expansion coefficient of 7.90 4 0.08 x 107° K~ for
the triclinic phase of IrTe; (in the range T € [107 K, 263 K])
and 1.4 +0.9 x 107> K~ for the trigonal phase (in the range
T € [283 K, 297 K]). The uncertainties in expansion coeffi-
cients are the uncertainties in the linear fit propagated from
one-standard-deviation errors estimated by DIFFPY.MORPH for
each of the stretch parameters.

Note that the stretch yields an average linear expansion
coefficient that more accurately reflects the actual expansion
the more isotropic the material is, and if the material ex-
pansion is highly anisotropic (e.g., near a structural phase
transition), the stretch morph will not remove the effects of
the thermal expansion. An average linear thermal expansion
coefficient can also be extracted for a specific subset of peaks
(or a single peak) by applying the stretch morph to best fit
a user-specified region in the PDF.

We can also get a sense of the anharmonicity of the material
by examining the thermal expansion coefficient as a function
of temperature. This 8(T") can be modeled by the temperature
derivative of the stretch parameter n(7T),

_on(T)

p(T) ~ o7 3)
per Eq. (2). In Fig. 6, we plot the thermal expansion co-
efficient, extracted from the morphed data [using central
differences to compute the derivative of n(7)], over a large
temperature range for (a) Pt-substituted and (b) pure IrTe,. We
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FIG. 6. Plots of thermal expansion coefficients [extracted using
the approximation in Eq. (3)] at various temperatures. The samples
involved are (a) Ir¢ 9sPto osTe, and (b) IrTe,. Data are fitted to Eq. (4)
with parameters A, B, and ©p (see the text). The fits have R? values
of (a) 0.7937 and (b) 0.4143.

then fit the data to the curve for the (linear) thermal expansion
Bc.a, using a quasiharmonic model given by

(T)3 Op/T x*e* d

. 2 ~ Op 0 (-1
Pea(T3A, B, Op) ¥ A—=—pr =5 Tam

“

with fitting parameters A, B, and 6p (Debye temperature).
The expression is obtained from the Griineisen equation of
state [30,31], where the forms of the isochoric heat capac-
ity (numerator) and adiabatic bulk modulus (denominator)
come from the Debye model [32] and the Anderson approx-
imation [31,33], respectively. For this model to work, we
must assume a constant heat-capacity ratio Cy/Cp [31,32]
to ensure that the isothermal and adiabatic bulk moduli are
proportional, assume the change in volume is small, and as-
sume a constant Griineisen parameter [30,31,33]. Anharmonic
(nonharmonic and non-quasi-harmonic) materials are likely to
violate these conditions, while the platinum-substituted sam-
ple has a nice agreement and a sensible Debye temperature
of 233 £29 K [22,24]. (The uncertainty reported is the es-
timated one-standard-deviation error of the fitting parameter
®p.) The opposite is true for the pure sample with an anoma-
lous upturn in B at high-7 [Fig. 6(b)] and a nonsensically
low Debye temperature of 39 &+ 24 K. These physical abnor-
malities and low R? value of 0.4143 suggest that the thermal
expansion of the pure Irte, sample is not captured by the
quasiharmonic model, and the extracted Debye temperature
is not to be trusted. The anharmonicity of pure IrTe, has been
explored previously using Raman spectrometry [21].
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FIG. 7. I1(Q)’s (a) and (b) and PDFs (c) and (d) of YSZ samples
heated with a 30 W (plotted in blue) and 50 W (plotted in red) laser.
Difference curves are plotted offset below in green. No morphs are
applied in (a) and (c). stretch and scale morphs are applied to
the lower-power (blue) signal in (a) to obtain the blue /(Q) in (b).
stretch, scale, and smear morphs are applied to the lower-power
signal in (c) to obtain the blue PDF in (d). The R, is computed from
the entire Q, or r, range plotted.

2. Using DIFFPY.MORPH for in situ sample thermometry

The converse of finding the thermal expansion coeffi-
cient from temperature series data is using a known thermal
expansion coefficient to estimate sample temperature in a
model-independent way.

There are few available techniques for precisely measuring
the temperature of diffraction experiment samples heated to
high temperatures. One such technique is pyrometry, but ther-
mal gradients caused by uneven heating of the material and
ablation in the scattering region can greatly limit the accuracy
of the measurement [34,35]. Further, pyrometry measures
only the surface temperature, which makes it unreliable for
transmission geometry scattering experiments.

This motivates the development and use of alternative
methods for obtaining the bulk average temperature of a
sample under in situ conditions. In Sec. Il A2, we demon-
strated how DIFFPY.MORPH can be used to identify whether a
phase transition has occurred between two PDFs. This can be
matched with a known phase transition temperature to identify
the temperatures of these PDFs [this works also for 1(Q)’s].
On the other hand, if a sample does not undergo a phase
transition, the following example shows how one can use the
known thermal expansion coefficient of the sample material to
obtain the average temperatures of the sample at the moment
the 1(Q)’s and PDFs were acquired [36].

A commercially obtained sample of yttria-stabilized zir-
conia (YSZ) was laser-heated from room temperature with
laser powers ranging from O to 50 W. At each power level,
a neutron powder diffraction /(Q) was measured, and the
corresponding PDF, G(r), computed. In Fig. 7(a), we show
the 1(Q) functions computed from laser-heated YSZ samples
at powers 30 and 50 W. The difference curve shows a sig-
nificant signal, due to thermal expansion from the additional
20 W of power. Similarly, the difference curve between the
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FIG. 8. Strains computed by morphing 0 W YSZ PDF data (blue)
and /(Q) data (red) to higher-power YSZ data. The corresponding
temperature is given by the right axis.

corresponding PDFs [shown in Fig. 7(c)] also shows a signifi-
cant signal. However, in (b) and (d), after applying a stretch
and scale (as well as a smear morph for the PDF data) on
the 30 W data with the 50 W data as a target, the majority of
the differences are removed.

The thermal expansion coefficient of the YSZ was calcu-
lated to be B = 11.29 x 107% 1/K from optical dilatometry
measurements. This thermal expansion coefficient is in agree-
ment with existing literature [34,37,38]. With this thermal
expansion, we can use the stretch morph to estimate the
temperature of the laser-heated YSZ samples directly.

For small AT =T, — T,, we assume 1n(T,) ~ n(T},). Rear-
ranging Eq. (2), we get

Ngr
AT ~ —, &)
p

where 7, is the PDF stretch parameter. Using the stretch
parameter and B, we can obtain AT between the room-
temperature (298 K) sample and each laser-powered sample.
The actual temperature is then

T =298 K + AT. ©6)

The strain, equivalent to 7, (see the Supplemental Material
[5], Sec. C), and the corresponding estimated temperatures
(right axis label) are plotted in blue in Fig. 8.

We also carried out the same analysis directly on the 1(Q)
data rather than the PDF. [A similar approach has been used
to determine sample temperatures on x-ray /(Q) data [36].] In
this case, the stretch parameters, 7;,, correspond to a strain
€ of

e=1+ny "' =1 @)

(see the Supplemental Material [5], Sec. D) and thus a tem-
perature change of

) -1
e

AT (8)

The strains and corresponding temperatures extracted from
the 7(Q) morphs correspond to the red curve in Fig. 8. These
are in excellent agreement with each other. The largest dis-
crepancy between the two curves is a difference of <0.3% at
38 W.

This example not only shows how temperatures can be
estimated using DIFFPY.MORPH, but its applicability to not just
x-ray diffraction signals but also neutron data.

3. Nanoparticle shape information from shape morphs

The shape and size of a nanoparticle can greatly affect
its (electronic, optical, etc.) properties [39,40]. If one has
PDF measurements of a bulk and a nanoparticle of the same
material, it is possible to use a nanoparticle “shape” morph to
determine the morphological parameters without a structural
model. By way of example, we show how it is possible to
determine the radius of a spherical nanoparticle using a shape
morph.

This morph can be very useful if you have a PDF calculated
from a bulk model but your data are from a nanocrystalline
sample. DIFFPY.MORPH will then multiply the bulk PDF by
the chosen nanoparticle characteristic function [2,41], yo(7),
automatically adjusting the parameters of the model to find
the best agreement to the nanoparticle PDF.

If a good fit is obtained, the model choice and refined shape
parameters can be considered useful, though other models
should be tested to search for alternative possible candidates
[41-44]. Significant difference curve signals or R,,’s indicate
large deviations from the desired shape, and new shape mod-
els may be tried.

This approach has previously been used to estimate diam-
eters of spherical CdSe nanoparticles consistent with those
obtained from transmission electron microscopy, ultraviolet-
visible spectroscopy, and photoluminescence measurements
[45].

Here, we have used this approach to estimate the size
(radius) of PbS nanocrystals with thiostannate (Snzsg_) lig-
ands. These nanocrystals are known to be faceted [46], but
for small diameters, they are approximately round. (Despite
the mismatch in shape, the spherical shape morph can still
be applied, and the radius extracted from the spherical shape
morph will approximate the radius of the sphere with the same
volume as our faceted shape. This is discussed in greater depth
in the Supplemental Material [5], Sec. F2.)

In Fig. 9(a), we show the PDF measured from the PbS
nanocrystal (blue) against a PDF computed from the bulk
structure of PbS [47] (red). We see a clear reduction in the
signal of the measured data (blue curve) as we go to higher r,
indicating that our measured material is definitely nanocrys-
talline. We then apply the nanoparticle shape morph onto the
computed bulk PDF. The resulting morphed PDF is shown
in red in Fig. 9(b). The radius obtained from the morph
was 24.5 £ 0.1 A. For comparison, we used PDFGUI [28] to
compute a spherical PbS nanocrystal PDF from a structure
[47] to best fit our measured PDF. The resulting refinement
yielded a nanocrystal diameter of 47.7 £ 1.2 A (radius of
239+0.6 A) [red curve in Fig. 9(c)]. The refinement done
by DIFFPY.MORPH (order of seconds) is much faster than the
lengthy and human intensive structural refinement done by
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T T T T T consider requesting it with an issue at the DIFFPY.MORPH
5 (@) R, =0.7948 | GitHub website [48] or by posting a request at the diffpy-
users Google group [49]. If you are able to implement the
morph yourself, please consider posting a pull request at the
0 DIFFPY.MORPH repository on GitHub.
-5 C. High-throughput experiment use cases
—10 MaAaaad ,\v/\ I\ A L) A n An I\An I\ - A DIFFPY.MORPH has been utilized in high thrqughput ex-
v VV VVUVVV VV V V 1 perimental settings, such as synchrotron beam-times, for a
variety of use cases. These include exposing sources of ex-
-15 ‘ perimental error (e.g., incorrect sample-to-detector distance
(b) R, = 0.3002 or misaligned beam center) to identify and remove unwanted
2 signals such as laser-induced heating, and to identify optimal
processing parameters to compute reliable PDFs from mea-
. sured I(Q) data.
70 A major advantage of using DIFFPY.MORPH in a high-
< throughput data setting is its speed and ease of use. Rather
o 2 than performing a lengthy structural refinement, one can ob-
tain morphing parameters in seconds.
-4 %W&vbv%—ww———* 1. Addressing experimental setup challenges
() y y y y B ' When integrating a 2D diffraction image to obtain a 1D
Rw=0.2376 scattering function /(Q), we require various experimental ge-
2 ] ometric parameters such as the sample-to-detector distance,
location on the detector of the beam-center, tilt angles of
0 the detector away from orthogonality, and wavelength of
the incident beam. These are normally handled by carefully
performing calibration measurements. In practice, small devi-
-2 ations between calibration and sample datasets can arise due
to a multitude of factors such as minor sample or detector
repositioning, motor drift, thermal expansion or contraction

10 20 30 40 50 60
r (R)

FIG. 9. (a) Measured PbS nanocrystal PDF (blue) plotted against
a computed PDF of the bulk PbS (red). (b) The red curve is now
the bulk PbS PDF after applying the spherical nanoparticle shape
morph. (c¢) The red curve is a PDF of a spherical PbS nanocrystal
computed from the structural model using PDFGUIL. A difference
curve (green) is vertically offset below each plot.

PDFaGui, with the two calculated radii agreeing within their
uncertainty estimates.

The DIFFPY.MORPH-computed and PDFGUI-computed
PDFs [red curves in (b) and (c), respectively] also
show good agreement up to r =49 A. Above this,
the DIFFPY.MORPH-computed PDF flat-lines, while the
PDFGUI-computed PDF has small sinusoidal oscillations that
account for termination ripples [2]. This example showcases
how DIFFPY.MORPH can quickly compute nanoparticle and
nanocrystal PDFs from bulk PDFs and obtain morphological
parameters.

At the time of writing, DIFFPY.MORPH only includes mor-
phing transformations to account for the effects of a spherical
and spheroidal nanoparticle shape on its measured PDF. These
should only be used for particles that are approximately of this
shape. If the desired shape morph is not implemented, please

of experimental components, and other instrumental or envi-
ronmental effects. In such cases, DIFFPY.MORPH can be used to
apply small corrective adjustments to the calibration parame-
ters.

We prepared a sample of PbS nanocrystals with thiostan-
nate (Snzsg_) ligands dissolved in an amide solution. The
synthesis of the nanocrystals and ligands follows previous
published procedures [50]. A 2D diffraction pattern was ob-
tained from this sample at an XFEL beamline (measured to
Omax = 4.05 A’l). In Fig. 10(a), we showcase two 1(Q)’s
computed from this 2D diffraction pattern, but where the
integration was carried out using different values for the
sample-to-detector distances and beam centers.The numbers
used were rough initial guesses from the geometry as an
initial calibration was not available. This is compared to
the final calibrated data [red curve in Fig. 10(a)]. Specifi-
cally, the uncalibrated sample-detector distance value used
was Dy, = 64.7 mm with the calibrated distance found to
be D,y = 55.7 mm. Additionally, the beam center used for
the uncalibrated curve is offset —2.26 mm both horizontally
and vertically from that found from the calibrated curve. We
can see a significant mismatch between the two curves, but by
using the stretch and scale morphs along with a “shift”
morph, in (b), we can obtain very good agreement Fig. 10(b).
Here, the shift morph shifts the function to the right by
adding a shift constant A to the x-array to account for the
zero-offset. This helps to account for the misaligned detector
center.
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FIG. 10. 1(Q)’s computed from the same diffraction image using
the uncalibrated (blue) and calibrated (red) parameters are plotted in
(a). In (b) stretch, scale, and shift morphs are applied to the
uncalibrated data to maximize agreement with the calibrated data on
0 €[0.55 A, 4.05 Al. For (c), the same morphs are used, but instead
maximizing agreement on the Q region encompassing the first three
peaks (Q € [0.55 A, 2.35 A]). We include a difference curve (green)
below each plot.

Such a morph allows us to make on-the-fly corrections
for variability in sample calibration from dataset to dataset.
However, it is also possible to invert the morph parameters to
find spectrum-dependent corrections to the calibration values.

For the correction to the detector distance, we take advan-
tage of the approximation that at small Q < A /4,

Dcal - Dunc (9)
€p=—F—— = -,
Dunc
where 7 is the stretch parameter as usual (proof in the
Supplemental Material [5], Sec. G). To see how well this
approximation worked, we applied the morphs to maximize
agreement in only the lower-Q region (the first three peaks)
in Fig. 10(c). The stretch parameter obtained in (c) was

(a) R, =0.0354

Intensity (arb. units)

(b) R, =0.1753
2
)
<
(O]
2

4 VVVVVVVVVVvvvvvvv
0 5 10 15 20 25 30

r (A)
FIG. 11. (a) I(Q)’s computed from the uncalibrated but morphed
data (blue) and calibrated (red) alignment parameters. (b) The PDFs

computed from the two I(Q)’s in (a). Difference curves (green) are
vertically offset below.

n = 0.134, which gives a correction to the sample-detector
distance that is <4% away from the actual value of €¢p =
—0.139.

DIFFPY.MORPH includes a “squeeze” morphing transfor-
mation as well as the stretch and shift that we already
introduced. The squeeze morph applies a higher-order poly-
nomial to the x-array (see Sec. IIl H). In Fig. 11(a), we applied
a squeeze using a fifth-order polynomial on the uncalibrated
1(Q) (blue) to attempt to match the properly calibrated 1(Q)
(red). The use of a fifth-order polynomial in our squeeze
morph is motivated in the Supplemental Material [5], Sec-
tion G. We can see by comparing Figs. 10(b) and 10(c)
and Fig. 11(a) that this quintic polynomial correction can,
at the same time, account for the low-Q (near the 1.85 and
2.13 A Bragg peaks) and high-Q > 3.8 A~! regions. The
resulting PDFs are brought well into alignment [Fig. 11(b)].
As such, while the researcher’s team is working to identify the
new alignment parameters to recompute the /(Q) correctly,
the researcher can still analyze this new data, draw conclu-
sions, and inform the next steps of the experiment using the
DIFFPY.MORPH analysis.

As we discuss in the next section, in principle, for those
using a Python program for integration of 2D detector images,
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such as PYFAI [51], DIFFPY.MORPH can also help to obtain the
optimal alignment parameters directly through the “funcxy”
morph.

2. Obtaining data reduction parameters for an optimal PDF

So far we have used DIFFPY.MORPH to carry out rather sim-
ple morphing transformations such as stretch, shift and
scale morphs. Complexity increases with squeeze that al-
lows for nonlinear stretches of the data. However, in principle
the morphing approach can be used for arbitrary transforma-
tions to the x- and y-arrays.

Here we describe an example in which we want to estimate
the parameters used in processing raw 1D diffraction dataset
all the way to a PDF. This processing is done using the
PDFGETX3 software package [52], which takes a number of
parameters such as how much to scale a background signal,
the range of data to use in the Fourier transform, and rpoly,
which controls the flexibility of a polynomial correction done
in the process.

In this example, we have an I(Q) measured from PbS
nanoparticles and a thiostannate salt dissolved in an amide
solution (the same sample as in Sec. IIC 1). Our goal is to
get a good PDF of the PbS after subtracting the correctly
scaled signal from the solvent. The issue is illustrated in
Fig. 12(a), where the raw signal from the sample (blue curve),
scaled background (red curve), and background subtracted
signal (green curve) are shown. After running this through
PDFGETX3, we obtain the F(Q) shown in Fig. 12(b). This
has the wrong shape because the background has been under-
subtracted and rpoly has not been optimized.

A more ideal background subtraction and F(Q) is shown
in Figs. 12(d) and 12(e), respectively. This was done using the
funcxy morph in DIFFPY.MORPH and using a PDF calculated
from a structural model of PbS as the target to morph onto
[red curves in Figs. 12(c) and 12(f)].

PDFGETX3 does the PDF conversion by calling the
PDFGetter () functor (which behaves like a function). This
takes in the input data and a set of parameters such as
background scales, rpoly, and so on and returns out the cal-
culated F(Q) and G(r). Here we used PDFGetter () as the
user-supplied morphing function in the funcxy morph in
DIFFPY.MORPH, allowing it to vary the background scale and
rpoly parameters with a target function that was a PDF calcu-
lated from a structural model for PbS.

This shows how an arbitrarily complicated function can
be used for the morphing transformation (here the input and
outputs were actually functions in different spaces, reciprocal
and real, respectively, and the function involves a polynomial
fit and subtraction). Although the morphing function being
applied was complicated, the morph itself was not, in the spirit
of the morphing philosophy, with only two well-controlled
parameters being refined in such a way that real structural
signal could not be lost.

The approach was very fast and allowed thousands of
datasets to be rapidly processed each with its own optimized
PDF transformation parameters.

The refinement process to obtain optimal PDF calcula-
tion parameters is particularly helpful for low Qn.x data,
especially for parameters like rpoly [52]. A scientist famil-
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FIG. 12. (a),(d) The 1D scattering intensities of PbS nanoparti-
cles dissolved in amide solution (blue), the raw signal from the empty
solvent (red), and the sample signal with the background subtracted
(green). Panels (b) and (e) show the resulting F(Q) functions ob-
tained by running the green dataset from the panel above through
PDFGETX3 and the blue curves in (c) and (f) show the resulting
PDFs. Parameters rpoly = 0.9 and bgscale = 1 were used to obtain
the curves in (b) and (c), and bgscale = 3.95 and rpoly = 1.78 were
used to obtain the curves in (e) and (f). The latter numbers were
obtained by DIFFPY.MORPH. In (c) and (f) the red curve shows the
PDF calculated from a bulk PbS structure model [47]. The green
curve is the difference plotted offset below.

iar with the PDF method may be able to estimate a good
rpoly by seeing how it affects the overall shape of the F(Q)
function [52]. However, it is not always possible to mea-
sure over a wide enough Q-range to make good estimations
[53,54] as we encountered recently when probing the ultrafast
dynamics of a system at a recent x-ray free-electron laser
(XFEL) experiment. This approach may also be valuable for
laboratory-based sources that may also have low accessible
Qmax-

Naj 9SbooWy.1S4 (NSWS) samples were synthesized fol-
lowing previously published procedures [55]. In Fig. 13(a),
we plot 1(Q)’s of the NSWS samples measured at EuXFEL
[56] using the LPD detector at the FXE beamline [57] (plot-
ted in blue) and measured at the National Synchrotron Light
Source II on beamline 28-ID-2 (plotted in red).The XFEL
measurements can be done at much higher time resolution
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FIG. 13. (a) The 1D scattering intensities of NSWS measured at
the XFEL over a narrow Q range (blue) and at the synchrotron over
a wide Q range (red). (b) The F(Q) obtained from the XFEL /(Q)
using PDFGETX3 and morphing (blue), and the target synchrotron

F(Q) (red). (c) The PDFs obtained by the morphed XFEL F(Q)
(blue) and target synchrotron F (Q) (red).

compared to the synchrotron, at the cost of a lower Qp,x. In
(b), we have obtained F(Q) for the synchrotron data (red)
by manually tuning the rpoly parameter until the large-Q
behavior of F'(Q) becomes oscillations about zero. The largest
O (Omax = 10.85/0%) for the XFEL data is too small to carry
out the same analysis, making it difficult to tune rpoly that
way. Instead, to obtain the blue curve in Fig. 13(b), we again
wanted to use PDFGetter () from PDFGETX3 in the funcxy
morph, but this time give the F(Q) from the synchrotron
experiment as a target function. In this case, in addition
to applying the PDFGetter () corrections, it was necessary
to apply a polynomial squeeze morph due to calibration
challenges (see Sec. IIC 1); these were applied together by
defining a new Python function that wrapped PDFGetter ().

Examples of how to do this can be found in the DIFFPY.MORPH
documentation. The resulting PDF, plotted in (c), obtained
from the morph-obtained XFEL F(Q), is consistent with
that obtained from the synchrotron F(Q), albeit with slightly
broader peaks due to the lower Qpx.

These examples show how morphing provides a way for
researchers to rapidly obtain PDFs that are as optimal as
possible and process their data in a consistent manner.

III. MORPHING TRANSFORMATIONS

In this section, we define the current set of morphs avail-
able in DIFFPY.MORPH and develop some theory behind some
of the most widely used morph transformations.

In the general setup of morphing, there is a “target” signal
and a “morphed” signal. The target signal is unchanged, while
the morphs are applied to the morphed signal.

The objective of the morphing process is to minimize the
residual between the two signals by applying a series of
simple “morphing” transformations. This is like fitting, but
it is model-independent and it is designed simply to mimic
physical effects, such as uniform lattice expansion or changes
in thermal vibration, though it could be anything.

The signals could be any 1D functions or spectral signals,
such as a diffraction patterns or atomic pair distribution func-
tions, but they could also be Raman, NMR, or something else.

For simplicity, we develop the theory with the spectra being
PDFs with the understanding that the morphs can be applied to
other signals. Throughout this section, the unmorphed object
PDF will be denoted G(r), and the same PDF after morph-
ing will be denoted as G,,(r; p), where p denotes the set of
morphing parameters.

A. Scaling morph

Scaling morphs correct the intensity of the morphed PDF
by a constant s. Scaling simply captures the fact that a mea-
sured signal might be on a different scale due to differences
in the incident flux during measurements, instruments used,
uncertainties in the data reduction process, or any factor that
serves to change the scale of a signal. The scale morph can
be expressed simply as

G,(r;s)=s-G(r), (10)

where s is the scale factor.

B. Stretching morph

Stretching morphs stretch the PDF linearly along the in-
dependent variable axis. Stretching simulates the effect of a
uniform lattice expansion of the structure when 7 is positive,
while —1 < n < 0 simulates a uniform lattice contraction.

The morph is done by linearly interpolating the r grid onto
a new stretched r-grid, . We chose linear interpolation as
most PDF data are stored on dense grids, so errors introduced
are small and computational speed is a premium.

In detail, given a stretch factor n, the stretched distance,
r’, is given by

Y= . (11)
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The resulting stretch morph is therefore given by

-
Gu(rin) = G<m> (12)

A real uniform lattice expansion with thermal strain € will
also rescale the PDF on the y-axis by a factor (1 4 €)72 (see
the Supplemental Material [5], Sec. C). Therefore, we recom-
mend using a scale morph any time a stretch morph is used
to account for intensity changes due to isotropic expansion in
the physical system.

C. Smearing morph (general)

Smearing morphs apply a Gaussian broadening factor to
broaden a signal. For example, this will mimic different levels
of thermal motion in PDF data (Sec. III D). To accomplish
this, we carry out a convolution of the signal with a Gaussian
function whose width can be varied.

The Gaussian broadening factor 7, (r) has the form

1/r—r. 2
Tg(V)ZeXp{—§< - )} (13)

where o is the smear factor, and r. = %(rmax ~+ Fmin) 1S the
center of the r-grid. The choice of r, is arbitrary, but cen-
tering the convolution Gaussian in the middle of the r-grid
minimizes edge effects in the numerics of the resulting con-
volution.

The smear morph then convolves the morphed signal with
the broadening function 7, (r) according to

_ R®T)(r+re)
2mo? .

This serves to broaden all peaks in R(r); specifically, the
variance of each Gaussian peak is increased by o after con-
volution. The r + r. shifts the smeared curve to ensure its
centroid matches that of R(r), and the normalization factor
1/+/2m0? ensures the two curves have the same integrated
magnitudes. Proof that this operation indeed broadens the
peaks of R(r) by o2 while maintaining the centers and
integrated magnitudes of each peak can be found in the Sup-
plemental Material [5], Sec. E.

Note that T, (r) = T_,(r), so a smear parameter of 4o is
equivalent to a smear parameter of —o.

Ry(rio) (14)

D. Smearing morph (PDF-specific)

The smear morph described above can be used to smear
any signal. When that signal is a measured G(r) function, it
is preferred to convert G(r) to the radial distribution function
(RDF [2]) before applying the smear. As such, DIFFPY.MORPH
contains a modified version of the smear morph, called
smear-pdf. This is because atomic motion acts to broaden
peaks in the RDF, R(r), and not the PDF G(r).

The differences are small, and an approximately correct
result can be obtained by smearing G(r) directly. However,
for more accurate results when dealing with PDFs, a user may
use the smear-pdf morph instead of the smear morph. At the
command line, this is done by using the --smear-pdf option
instead of the —--smear option. When using DIFFPY.MORPH
in a Python script, you would use the smear_pdf parameter

instead of smear. If both smear-pdf and smear options are
used, the program ignores the smear input and applies the
smear-pdf morph only.
For bulk materials, the RDF is related to the PDF by [41]
R(r)

G(r)= - 4mrpy, (15)
where pg is the atomic density of the material, and —4m pg
may be referred to as the “baseline slope.” When smear-pdf
is used, the input functions are assumed to be PDFs. The
program will first convert it to an RDF, R(r), using either a
user-given baseline slope or a best-fit slope if the user is un-
able to provide one. (This best-fit slope is obtained by adding a
“baseline slope” parameter to the set of refined parameters. In
our use cases, we have found that the optimized o is relatively
insensitive to the choice of baseline slope.) The smear morph
then applies a Gaussian broadening factor 7 (r) to R(r). The
morphed R,,(r) is then converted back to a PDF, which is then
returned as the morphed PDF.

E. Shifting morph

Shifting morphs shift the signal horizontally or vertically.
They may be needed to account for constant backgrounds or
calibration errors such as a shifted zero point in a diffraction
pattern. Shifting is also useful for data visualization tech-
niques (e.g. waterfall plotting).

Given a user-specified horizontal shift parameter Aj, and
vertical shift parameter A,, the shift morph is expressed
simply as

Gu(r) = G(r — Ap) + Ay, (16)

F. Nanoparticle shape morph in the PDF

PDFs measured from a nanoparticle and bulk sample of the
same material can look quite different as the particle’s shape
plays a role in shaping the pair distribution function. One can
approximate the PDF of a nanoparticle Gp,no(7) from the PDF
of a bulk Gy (7) of the same material by the simple relation
[41]

Ghano(r) ~ o (r)Gpu (r). )

The shape and inverse shape morphs in DIFFPY.MORPH
were designed to compare bulk and nanoparticle PDFs using
the nanoparticle characteristic function, y,(r; p). This charac-
teristic function depends on r and on some parameters p.

The shape morphs take input G(r) = Gpuk(r) and simply
multiply them by the characteristic function, y,(r; p),

Gu(rip) = yo(r;p) - G(r). (18)

The inverse shape morphs take input G(r) = Gpano(r) and
divide the characteristic function,

ey (p) #0,
0’ VO(rs p) =0.

Gu(r) = 19)

Currently, DIFFPY.MORPH has nanoparticle characteristic
functions for spheres [58] and spheroids [59]. The spherical
nanoparticle characteristic function, g opn(7;s), refines the
radius, s, of the nanoparticle. The spheroidal nanoparticle
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characteristic function, yp sa(7; e, 5p), refines the equatorial
and polar radii, s, and s,, respectively.

G. General ordinate morph

In addition to the morphs introduced above, which are de-
signed to account for specific physical effects, funcy provides
a flexible interface for applying user-defined transformations
to the y-axis data, enabling comparison of signals influenced
by experiment- or system-specific distortions. The definition
of the funcy morph is

Gu(r; f,p) = f(r, G(r):p), (20)

where f is a user-supplied function in the form of a Python
function, and p represents its parameter dictionary. The user
simply defines a Python function that takes the signal r and
G(r) arrays (or equivalently, any x and y arrays) and a dictio-
nary of parameters then returns the morphed x and y arrays.
This function is passed to the funcy interface along with the
morphed and target functions, and the parameters are refined
to get a good agreement.

H. General grid (abscissa) morphs

Similarly it is possible to apply user-defined morphs that
transform the x-axis of the function, generalizing the stretch
morph. Below, we describe two morphs: squeeze and funcx.
For reasons discussed at the end of this (sub)section, squeeze
should be used when the expected change in the x-axis grid is
small, while funcx could be used otherwise.

squeeze applies a polynomial transformation to the x-axis,
where the user can control the order of the polynomial. This
offers a flexible approach for correcting nonlinear distortions
in signals. A zeroth-order polynomial is actually the shift
morph, and a first-order polynomial recovers the behavior
of shift and stretch morphs applied together. But the
squeeze interface generalizes this to higher orders.

These morphs have been found useful to account for ge-
ometric artifacts introduced by 2D detectors, such as module
tilts, curved detection planes, or angle-dependent offsets, as
well as structural effects intrinsic to the sample. Its use was
introduced in Sec. IIC 1.

The transformation is defined as

Ar(riag, ..., ay) = ao+ayr +ar’ + -+ a,r",  (21)

where {ag, ai, ..., a,} are the polynomial coefficients. The
desired order, n, of the polynomial to use is a user-defined
input. As with all polynomial fitting methods, one should
be careful in their choice of n and avoid overfitting. This is
applied as

s dn), (22)

resulting in a modified coordinate grid with the morphed
signal evaluated as

r'(riag,...,a,) =1+ Ar(r;ay, ...

G, (r') = G(r). (23)

Given a morph and target function, DIFFPY.MORPH will find
the best set of ay, . . ., a, to apply in order to match the target.

To compare to previously described morphs, if all a; =0
except ap # 0, squeeze is equivalent to the horizontal shift

morph with A, = ap (Sec. IlIIE), and if instead all a; =0
except a; # 0, squeeze is equivalent to a stretch morph
with n = a; (Sec. III B).

The current implementation of the squeeze morph takes
the original function as a two-column array [[r], [G(r)]],
where the notation [-] indicates that the quantity is an ar-
ray. Then, squeeze computes [r'] using Eq. (23) to get
[[7], [Gn(r)]]. Finally, squeeze reinterpolates G,,(r") back
onto the original grid [r] and returns the squeezed function
interpolated onto the original grid, i.e., [[7], [G,(7)]]. The
reinterpolation is done for consistency and further processing.
This is computed using a cubic spline interpolation. Extrap-
olation is allowed outside the original domain where needed
(and the user will be notified if and where the extrapolation
occurs). Care should be taken by the user if the morph results
in a large extrapolation.

The squeeze morph will warn the user if the polynomial
squeeze results in a modified grid, [#/(r)], that is not mono-
tonically increasing. Nonmonotonicity of #' poses a problem
in our procedure above, as G, (") may no longer be a single-
valued function. This means there is no longer a unique way
to interpolate [[r'], [G,,(r")]] onto the grid [r]. We resolve this
by modifying G,,(r’) to be a single-valued function by first
identifying all duplicated grid points ry,, in the array [r'(r)];
Le,ry=ry=---r =ry, fors > 2. We then set

Gn(Fhup) = Y G(r)), (24)

i=1

giving G,,(r’) a single unique value for each grid point réup
where it may be multivalued. This procedure can result in
an [[r], [G,,(r)] that looks vastly different from [[r], [G(r)]]
if the function G, (r") is not smooth or the length of the
nonmonotonic intervals is large, but seems to work well for
small extrapolations that are the most common.

In general, we advise users to avoid a nonmonotonic
squeeze. We have found success by (i) reducing the order
of the polynomial and (ii) first performing safe morphs like
shift and stretch to get estimates of ay and a;, and giving
those to squeeze as the initial parameter values.

While squeeze can only apply polynomials to the grid,
the funcx, in analogy with funcy, morph allows arbitrary
functions. The morphed signal is similarly given by Eq. (23),
though the new grid »’ is now given by

r'(ri f.p) = f(r, G(r); p). (25)

Here, f is a user-provided Python function, and p is a dic-
tionary of function parameters to refine over. The function f
should take in both r and G(r) (equivalently, x and y) and
return the morphed grid ' (r; p) based on the parameters p.
The implementation of the funcx morph is slightly dif-
ferent from that of squeeze. After taking in [[r], [G(r)], we
simply return [[f(r, G(r); pD], [G(r)]]. By design, no interpo-
lation onto the original grid is done in this case. This choice
allows arbitrary changes in the independent array, permitting,
for example, functions that transform into different spaces,
such as the PDFGetter () transform described in Sec. II C 2.
The advantage to funcx is apparent when the morph and
target function grids are extremely different as squeeze could
result in strange and uncontrolled behavior. However, this
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means the grid of the morphed function is constantly chang-
ing. This makes computing the residual between the morph
and target functions difficult, and the calculation of the dif-
ference curve can involve varying amounts of interpolation
error for each iteration of the refinement. As such, we still
recommend the squeeze morph for small changes to the grid
as it operates on a single unchanging grid.

I. General function morph

While a user can use the funcx and funcy morphs to-
gether to change both the grid and data simultaneously, we
have defined a funcxy morph for convenience. This morph is
designed to be compatible with PDF calculators such as the
PDFGetter () functor in PDFGETX3 [52], so one can refine
the PDF calculation from a measured intensity function. This
was described in Sec. I1C 2.

For this morph, the user supplies a single function f,

£(r, G(r);p) = (fo(r, G(r);p), fi(r, G(r); p)), (26)

that takes in the arrays r and G(r) as well as a dictionary of
parameters p. The function must return two quantities: (a) the
desired morph on the grid fy and (b) the desired morph on
the function values f;. In Python, this can be done as a tuple
(fo, f1) or as two comma-separated quantities fy, f].

The funcxy morph is then described by

Gu(r'; f1.P) = fi(r, G(r); p), (27)

where

r'(r; fo, p) = fo(r, G(r); p). (28)
One can see the obvious parallels to Egs. (20) and (25).

J. Chaining together multiple morphs

All morphs (scale, stretch, smear, smear-pdf, shape,
squeeze, funcx, funcy, funcxy, etc.) can be chained to-
gether with other morphs to incorporate multiple corrections.
To do so, a user simply has to enable the morphs they want to
be chained.

There are some limits to this, and the user should use
good sense. In some cases, the code will prevent clashes.
For example, only one of the smear and smear-pdf morphs
can be used. If the user accidentally enables both, only the
more specific smear-pdf morph will be done. Also, since a
polynomial squeeze morph of order zero or higher includes
the horizontal shift morph, the horizontal shift morph will
be disabled when the squeeze morph is enabled (the vertical
shift morph is not affected). For the same reason, if the
polynomial squeeze is of order 1 or higher, the stretch is
disabled.

Users enable morphs by specifying them and initializ-
ing the parameter values. Additionally, there are convenience
commands to fix and free previously specified morphs. De-
tailed usage can be found in the documentation of the
software.

When multiple morphs are specified, a predefined order
is applied. Since we found the optimizer to perform better
by applying more complex morphs first, the default order in
which enabled morphs are applied is (at the time or writing) as

follows: funcxy, funcx, funcy, squeeze, scale, stretch,
smear or smear-pdf, shift (horizontal and vertical are re-
fined simultaneously), then shape. This order may change in
the future. One can also choose their own order of refinement
by applying the morphs in stages as displayed in our quick-
start tutorial on the DIFFPY.MORPH software documentation
page (see Sec. IV). We recommend first refining the most
sensitive parameters, which are generally associated with the
more complex morphs. We have observed that when morph
parameters are near optimal results, there is little difference in
chaining the morphs together versus the step-by-step process.

K. Regression targets

For all morphs, the morphing process uses least-squares
regression to minimize the difference between the morphed
and target signals by varying morphing parameters, where R,,
is used as the objective function.

If the morph and target functions are not on the same grid,
the two functions are first interpolated (using linear interpola-
tion) onto a common grid before computing R,,. The interval
of this common grid is the intersection of the two original
grid intervals (i.e., if the morphed grid is on the interval
[a, b] and the target grid is on the interval [c, d], then the
new grid interval is [max{a, c}, min{b, d}]). If the spacing (the
distance between consecutive grid points) between the two
grids is different, then the common grid uses the larger of the
two spacings. If a grid has uneven spacing (i.e., the distance
between consecutive grid points varies), then its spacing is de-
fined as the average distance between consecutive grid points.

IV. DIFFPY.MORPH SOFTWARE

DIFFPY.MORPH is an open-source Python software package
that runs on Windows, MacOS, and Linux operating systems
as part of the DIFFPY project [60]. It can be installed from
conda-forge [20] using conda (recommended) or from PyPI
[19] using pip. The source code is available on GitHub [48].

The DIFFPY.MORPH program can be used both using a com-
mand line interface (e.g., a bash terminal) or in Python scripts
directly.

The program takes in two input files: the file containing
the function to be morphed and the file containing the target
function. Readable files contain the data as a multicolumn
table, where one column contains the x-array and another
column has the function values. This uses the loadData()
method in DIFFPY.UTILS [61]. By default, when loadData()
encounters two columns, it assumes the first column is the x-
and the second column is the y-array, but this behavior can be
overridden. loadData() will skip over header information or
it can be used to read and return header information.

The user also provides a set of morphs to apply (e.g.,
scale, stretch, and smear). The program then carries out
the morphs described above, returning the optimized morph-
ing parameters. It contains capabilities to plot the morphed
function and the reference function with a difference func-
tion below, similar to figures in this paper. If requested, the
program also returns the morphed function interpolated to the
grid of the reference function.
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The package also has an API allowing morphs to be called
from within Python scripts.

Tutorials for the software and additional code documenta-
tion are available in the DIFFPY.MORPH documentation [62].

V. CONCLUSION

We demonstrate morphing as a model-independent tool for
comparing 1D spectral data with worked examples that show
how useful information may be extracted from diffraction
and PDF data. As DIFFPY.MORPH uses no model/structural
refinement, it is fast, making it ideal for on-the-fly analysis
in high-throughput data settings such as a synchrotron exper-
iment.

While initially developed for x-ray PDFs, our examples
show that the technique also works for 1D diffraction pat-
terns and neutron diffraction data. Since DIFFPY.MORPH is
model-independent, it can be used on other 1D functions (e.g.,
density of states, Raman spectra, flattened image data), though
it has not been extensively tested beyond powder diffraction
patterns and PDFs.
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