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ABSTRACT: The past few decades have made clear that the properties and

performances of emerging functional and quantum materials can depend Local magnetic #

strongly on their local atomic and/or magnetic structure, particularly when structure :

details of the local structure deviate from the long-range structure averaged ‘ r

over space and time. Traditional methods of structural refinement (e.g., j ﬁ %
Rietveld) are typically sensitive only to the average structure, creating a need

for more advanced structural probes suitable for extracting information about

structural correlations on short length- and time-scales. In this Perspective, we

describe the importance of local magnetic structure in several classes of Magnetic PDF (=)

emerging materials and present the magnetic pair distribution function Material properties
(mPDF) technique as a powerful tool for studying short-range magnetism

from neutron total-scattering data. We then provide a selection of examples of mPDF analysis applied to magnetic materials of recent
technological and fundamental interest, including the antiferromagnetic semiconductor MnTe, geometrically frustrated magnets, and
iron-oxide magnetic nanoparticles. The rapid development of mPDF analysis since its formalization a decade ago puts this technique
in a strong position for making continued impact in the study of local magnetism in emerging materials.

B INTRODUCTION ZrW,04,° efficiency and performance in Li-ion battery
materials,” the size of the band gap in semiconductors,'® and
the exceptionally large electromechanical response in relaxor
ferroelectrics,"' to name a few. On the basis of these examples

Why Worry about Local Structure? “Structure determines
function” is a familiar adage in the study of materials, and for
good reason—for decades, this principle has guided and

motivated structural studies in contexts ranging from proteins and many others, the importance of gaining a detailed
to metal—organic frameworks to topological insulators. In understanding of the local atomic structure of materials is now
materials chemistry and physics, this phrase is typically widely accepted.
understood to refer to the crystallographic, long-range-ordered Why Worry about Local Magnetic Structure? More
structure as averaged over space and time. Indeed, global recently, there has been increased recognition that the local
symmetries corresponding to the crystallographic structure magnetic structure, ie. the arrangement of atomic magnetic
provide a powerful framework for understanding and predicting moments (colloquially called spins) on short spatial and
material properties. Together with the fact that material temporal scales, can also be critically important for under-
property calculations based on density functional theory usually standing the behavior of magnetic materials. Short-range
require the assumption of a perfectly periodic structure, the magnetic correlations such as those illustrated in Figure 1 can
emphasis on the crystallographic structure is understandable. arise in a variety of situations and materials, either as static or
On the other hand, global symmetries and crystallographic dynamically fluctuating correlations. Examples include the
structure do not always tell the whole story. For a large and “correlated paramagnet” regime observed in many magnetic

growing list of materials of technological and fundamental
importance, the local atomic structure is a key determinant of
macroscopic properties.l_7 By local atomic structure, we mean
correlations between atoms that are well-defined on short spatial
and temporal scales but may average away to zero on longer
scales. Therefore, the local instantaneous structure may be quite
different from the time-averaged long-range (i.e., space-
averaged) structure, e.g. with symmetries that are broken on
the nanoscale but preserved globally. The features of the local
structure can often profoundly influence material properties. -
Examples include the unusual negative thermal expansion in

materials at temperatures just above a magnetic ordering

transition, where short-range, metastable magnetic structure
., 12,13 . . > 14

persists; magnets with strong chemical disorder; * non-
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Figure 1. Schematic illustration of short-range ferromagnetic
correlations in a two-dimensional square lattice. The local ferromag-
netic configuration is well-defined within ferromagnetic domains
indicated by the circled regions having diameter comparable to the
spin correlation length. As the distance between two spins increases, the
ferromagnetic correlation is progressively lost, ultimately decreasing to
zero when the relative spin orientation of two distant spins becomes
fully random. Such a short spin correlation length as depicted here
would not produce observable magnetic Bragg peaks in a neutron
diffraction experiment, but only broad bumps of magnetic diffuse-
scattering intensity.

magnetic host materials with dilute magnetic impurities; > and
materials such as spin glasses and spln hqulds with intrinsically
disordered magnetic ground states.'®'” Even in well-behaved,
conventional magnets, whenever the ordered magnetic moment
in Rietveld analysis is found to be smaller than the full local
magnetic moment of a magnetic ion, the “disordered
component” of the magnetic structure can in fact manifest
significant local spin correlations that may be static or dynamic
in nature.

We mention two reasons why this type of local magnetic
structure is important. First, local magnetic correlations can
directly impact macroscopic materials properties, such as the
thermopower in magnetlc semiconductors,'® the entropy
change in magnetocalorlcs, the stabilization of high-entropy
materials,”” and even the performance of catalysts for water
electrolysis for hydrogen production.”’ Second, the local

magnetic structure often contains vital clues about the
underlying physics of the material, such as magnetoelectric
coupling in multlferrmcs, detailed information about inter-
actions between spins,"” the nature of phase transitions,” or
even the mechanism of unconventional superconductivity.”*
Establishing a comprehensive understanding of not just the
average magnetic structure, but also the local magnetic structure,
is therefore imperative in the study of many magnetic materials
of technological and fundamental relevance.

In this Perspective, we explore these ideas further by offering a
selection of recent examples showing the importance of local
magnetic structure, then describing how local magnetic
structure can be probed experimentally through magnetic pair
distribution function (mPDF) analysis of neutron total-
scattering data,” and finally presenting a few illustrative
examples of mPDF analysis in topical materials. Considering
the growing scientific need for quantitative studies of local
magnetic structure and the emerging experimental techniques
well suited to meet this need, we see tremendous potential for
growth and progress in this area in the near future.

B LOCAL MAGNETIC STRUCTURE IN EMERGING
MATERIALS: A SELECTION OF RECENT EXAMPLES

Here, we briefly highlight a few materials that have garnered
recent interest to illustrate how local magnetic structure can
influence material properties and/or shed light on the
underlying physics. We focus on quantum materials and
energy-conversion materials, although many other types of
materials could also be discussed in this context. The intent here
is not to provide a comprehensive review of any one material or
class of materials, but instead to illustrate the breadth of
materials and applications for which local magnetic structure is
relevant.

Quantum Materials. Materials with electronic and
magnetic properties that originate from nontrivial quantum
mechamcal effects are collectively referred to as “quantum
materials”.*® Prominent examples of quantum materials include
strongly correlated electron systems such as high-T, copper
oxide superconductors,”” geometrically frustrated magnets with
exotic magnetic ground states,’” and electronic topolo§1cal
materials like topological insulators and Weyl semimetals.”

Many illustrations of the importance of local magnetic
structure can be found among quantum materials, with
geometrically frustrated magnets providing perhaps the most
obvious example. In these materials, the geometry of the crystal
structure prevents competing magnetic interactions from being

MAVA '-
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Figure 2. Geometrical frustration in quantum magnets. (a) Antiferromagnetically coupled spins on a triangular lattice form an archetypal motif for
geometrical frustration. (b) Flipping one spin in the spin-ice ground state creates a pair of emergent magnetic monopoles (green and red spheres) that
are weakly bound in the lattice by a magnetic Coulomb force. (c) Schematic representation of one possible configuration of maximally entangled spin
pairs on a triangular lattice. A “resonating valence bond” quantum spin liquid (QSL) arises as a quantum superposition of all such configurations.
Panels (b, c) adapted with permission from ref 30. Copyright 2010 Springer Nature.
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Figure 3. Magnetic heat capacity (a), magnetization (b), and thermal conductivity (c) of Cr,Si,Te, as a function of temperature and applied magnetic
field. The insets to (a) and (b) show the crystal structure and temperature-dependent inverse magnetic susceptibility, respectively. The magnetic heat
capacity was isolated from the total heat capacity by subtracting the calculated phonon contribution determined from first-principles calculations.

Adapted with permission from ref 45. Copyright 2023 John Wiley and Sons.

simultaneously satisfied.”” A quintessential example is found in
antiferromagnetically coupled spins on a triangular lattice, for
which it is impossible for all three spins on a given triangle to be
mutually antiparallel (Figure 2a). Frustration suppresses the
tendency for long-range magnetic order to form, yet the
magnetic interactions often favor some form of short-range
order. A beautiful illustration of this is seen in the spin ice
compounds Ho,Ti,0, and Dy,Ti,0,,”" in which large rare-
earth magnetic moments occupy a pyrochlore network of
corner-sharing tetrahedra (Figure 2b). Strong Ising anisotropy
forces the moments to point directly toward or away from the
center of the tetrahedron, which frustrates the dipolar
interactions between the moments. No long-range magnetic
order is established even at zero temperature; instead, the
system freezes into one of a macroscopically large number of
degenerate configurations in which each tetrahedron has exactly
two moments pointing inward and two pointing outward, in
precise analogy to the arrangement of protons in water ice. The
two-in-two-out “ice rule” therefore establishes a highly
correlated local magnetic structure even in the absence of
long-range magnetic order. Remarkably, the low-energy
excitations of a spin ice are analogous to a gas of weakly
interacting emergent magnetic monopoles (Figure 2b).>" This
rich new physics hinges on the details of the local magnetic
structure in spin ice compounds.

The most exotic ground state for a geometrically frustrated
magnet is a quantum spin liquid (QSL), in which the effects of
frustration and quantum fluctuations are so strong that the
system remains dynamically fluctuating even at zero temper-
ature.’”*> A QSL exhibits many-body entanglement of spins in
the absence of conventional long-range order, although short-
range spatial and temporal correlations are present.”> One
conceptual model of a QSL proposed by Philip Anderson,
known as a resonating valence bond QSL,”* is shown
schematically in Figure 2c. QSLs and QSL-adjacent states
have attracted intense interest as ideal platforms for fundamental
studies of many-body quantum entanglement and even potential
applications for quantum computation.” Detailed knowledge of
the local magnetic correlations in such a state provides crucial
information about the nature of the ground state and the level of
quantum entanglement.36_38

Magnetic van der Waals (vdW) materials, which have recently
emerged as an exciting new class of quantum materials,’”~*
provide another example of local magnetic structure influencing
material properties in crucial ways. Van der Waals materials
typically have a layered crystal structure with weak vdW
interactions between the layers, lending the materials a strongly

9091

two-dimensional (2D) electronic character dominated by in-
plane interactions. They exist as three-dimensional bulk crystals
and can also be exfoliated or grown as mono- or few-layer
crystals. van der Waals systems with intrinsic magnetism provide
an ideal playground for exploring the intersection of low
dimensionality, magnetism, and topology, and have attracted
intense interest for both fundamental science and applications in
next-generation spintronic, magnetoelectric, and magneto-optic
devices. According to the Mermin-Wagner theorem,™ long-
range magnetic order for an isotropic Heisenberg magnetic
system is destroyed by thermal fluctuations for d < 2, where d is
the spatial dimension, although short-range correlations are
expected. Magnetic anisotropy (e.g, Ising, XY, or magneto-
crystalline anisotropy) in vdW magnets introduces gaps into the
magnetic excitation spectrum, thus stabilizing magnetic order
against thermal fluctuations and permitting long-range order.
Nevertheless, thermal fluctuations still play a crucial role in the
physics of vdW magnets, and short-range magnetic order is
widely observed in the otherwise paramagnetic state of vdW
systems, indicating that local magnetic structure is important in
these materials.

A specific illustration of this is found in the thermal
conductivity of the insulating vdW ferromagnet Cr,Si,Te4
(CST),* the crystal structure of which is shown in the inset
of Figure 3(a). The Cr** spins exhibit long-range order below 33
K, as seen by the sharp peak in the heat capacity and rapid
increase in magnetization shown in Figure 3(a,b). In addition,
pronounced short-ranged correlations survive up to about 200
K,* as evidenced by the nonzero magnetic heat capacity (panel
a) and deviation from linear Curie—Weiss behavior (inset of
panel b) below that temperature scale. These correlated
magnetic fluctuations that persist far above the ordering
temperature are enhanced by the 2D nature of the magnetism.
The thermal conductivity k highlights the profound impact of
this short-range magnetism. As shown in Figure 3(c), K stays
around approximately 1 W/m/K above T and reaches a peak of
only about 2 W/m/K below T in zero field. This is a remarkably
low thermal conductivity for a crystalline material, comparable
to amorphous silica (black triangles). Moreover, the temper-
ature dependence changes from 1/T above 200 K, which is the
expected behavior*” for normal phonon transport dominated by
Umklapp scattering, to a decreasing trend upon further cooling
from 200 K to T, precisely in the temperature region where
short-range magnetism is most pronounced. This can be
explained by spin-phonon scattering, whereby phonons scatter
from regions of fluctuating, short-range magnetic correlations.
As the temperature decreases, the correlation length and
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number density of the magnetic fluctuations grow, thus
scattering phonons more effectively and decreasing the thermal
conductivity. This scenario is confirmed by the increase in k with
applied magnetic field, which partially polarizes the spins and
therefore suppresses the short-range spin fluctuations, leading to
reduced spin-phonon scattering and higher thermal conductiv-
ity. In this way, a key macroscopic property that is a crucial
consideration for many potential devices based on vdW magnets
depends strongly on the local magnetic structure and can be
tuned by manipulating the short-range spin correlations.

Energy-Conversion Materials. Magnetism plays an
important role in several classes of energy-conversion materials.
One example is found in magnetocaloric materials, for which the
application or removal of a magnetic field causes a temperature
change resulting from the exchange of entropy between the
lattice and spin subsystems. For example, when a ferromagneti-
cally ordered system is demagnetized and enters a disordered
magnetic state, the magnetic entropy increases. If this occurs
adiabatically, then the increase in magnetic entropy must be
compensated by a decrease in the entropy of another part of the
system, usually the lattice. With a decrease in lattice entropy, the
temperature of the material correspondingly decreases. The
potential of exploiting this magnetocaloric effect (MCE) in a
cyclic fashion has ignited intense recent interest in the context of
thermal energy harvesting and alternative solid-state refriger-
ation technologies, which have the potential to be more efficient
than conventional vapor-based refrigeration and obviate the
need for refrigerant gases with high global warming potential.**
Magnetic cooling® at low temperature is also highly useful for
applications such as helium liquefaction.

Recently, so-called giant MCE materials have emerged as
particularly promising candidates for applications.”® Under zero
applied magnetic field as a function of temperature, these
materials exhibit a first-order magnetostructural or magnetoe-
lastic transition in which the discontinuous nature of the
magnetic transition results in an exceptionally large magnetic
entropy change in a narrow temperature window around the
transition, leading to large magnetic cooling power. However,
this comes at the cost of a concomitant first-order structural
transition, typically with significant hysteresis and a large change
in unit cell dimensions, which can lead to mechanical failure after
repeated cycles. Developing the ability to minimize hysteresis
and discontinuous structural changes while maintaining the
large magnetic entropy change is therefore a top priority for
giant MCE materials. In that context, (Mn,Fe),(P,Si,B) is an
appealing system,'” because varying the stoichiometry allows
one to tune the ferromagnetic transition in terms of both the
transition temperature and the character of the transition (i.e.,
first-order to second-order). This tunability raises the possibility
of designing an optimal giant MCE material.

Importantly, short-range magnetic correlations are thought to
be intimately tied to the tunability of (Mn,Fe),(P,Si,B). In
compositions with second-order transitions, robust short-range
magnetic correlations survive up to high temperatures deep into
the nominally paramagnetic state,”' as seen in Figure 4(a). In
contrast, short-range magnetism is greatly suppressed or entirely
absent above the magnetostructural transition in the first-order
compositions. Additionally, the lattice parameter change in first-
order compositions is discontinuous, hysteretic, and much larger
than that observed in second-order compositions or composi-
tions near the tricritical point,>> as seen in Figure 4(b). The
gentler temperature evolution of the lattice in the tricritical and
second-order compositions is attributed to the influence of the
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Figure 4. (a) Short-range magnetic correlation length in magneto-
caloric compound Mn, ;Fe;,sPosSips extracted from muon spin
relaxation and neutron scattering data. Adapted with permission from
ref S1. Copyright 2016 American Physical Society. (b) Magneto-
structural lattice parameter change in various compositions of
(Mn,Fe),(P,Si,B). Adapted from ref 52. Available under a CC-BY
license. Copyright 2017 M.F.J. Boeije et al.

short-range ma§netic correlations in the nominally para-
magnetic state.”” In this way, local magnetic correlations help
control crucial material properties in MCE compounds. In some
cases, short-range magnetism alone can drive a large MCE, even
in the complete absence of long-range magnetic order.”>*

Thermoelectric materials, in which a thermal gradient results
in a spontaneously generated voltage, constitute another
important class of energy-conversion materials with tremendous
potential for application. Thermoelectric performance is
typically quantified by the dimensionless figure of merit zT =
0 §* T/k, where o is the electrical conductivity, S is the Seebeck
coefficient, T is temperature, and k is the thermal conductivity.”
Materials with zT of 1 or above are typically considered high-
performance thermoelectrics that could be viable for practical
applications. As seen in the formula for 2T, good thermoelectrics
should have a large Seebeck coefficient and electrical
conductivity but low thermal conductivity. Unfortunately, this
combination of material properties is rare due to the natural
correlation between S, 0, and k, requiring creative efforts to
optimize zT.

One of the most significant developments in thermoelectric
research over the past few years has been the realization that the
spin degree of freedom offers numerous routes toward higher zT
that had been largely overlooked during the previous decades of
research.’®’ This greatly broadens the scope of candidate high-
performance thermoelectric materials and has led to novel
device design concepts, such as transverse thermoelectrics based
on the Nernst effect.”® For many mechanisms of magnetically
enhanced thermoelectricity, local magnetic structure plays a key
role. For example, the Seebeck coeflicient quantifies the average
entropy flow per charge carrier as induced by a temperature
gradient, such that the entropy flow associated with disordered
spin orientations and/or degenerate spin—orbital configurations
in magnetic conductors can often increase S without
significantly reducing ¢ or increasing k, thus increasing zT.>
Additionally, spin fluctuations near a magnetic phase transition
or short-range correlations caused by frustration often strongly
impact transport and thermodynamic properties in ways that can
significantly increase 2T, e.g. by reducing « as shown in
Figure 3(c). Later in this Perspective, we will discuss in detail the
example of MnTe,"**” in which thermally induced fluctuations
of short-range magnetic correlations dramatically increase zT at
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high temperature. In short, utilizing local magnetic structure to
enhance thermoelectric properties is among the most promising
avenues for developing next-generation thermoelectric materi-
als.

B HOW DO WE PROBE LOCAL MAGNETIC
STRUCTURE?

Having established the importance of local magnetic structure,
we now address the challenge of studying it experimentally. In
general, any description of a material’s structure must specify the
length and time scales under consideration and any spatial/
temporal averages being made in that description. Likewise, any
structural measurement, such as X-ray or neutron diffraction,
probes specific length and time scales and includes various
averaging effects. Therefore, the spatial/temporal scales of
modeled and measured structures must match to enable a
proper comparison. In this Perspective, we present mPDF
analysis as a powerful new tool for probing magnetic structure
on local length- and local time-scales that are relevant for
understanding the properties of many types of magnetic
materials. A schematic overview of the mPDF approach is
shown in Figure 5, with details provided later in this section. In
essence, the method entails performing a neutron diffraction
experiment and Fourier transforming the total-scattering
diffraction intensity to produce the real-space atomic/magnetic
pair distribution function (PDF), from which detailed
information about the local atomic and magnetic correlations
can be extracted through direct inspection of the data and/or
detailed modeling. In the remainder of this section, we briefly
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introduce atomic PDF analysis to provide context for mPDF
analysis, outlining the formalism of both, and finally address
some practical aspects of mPDF experimentation and data
analysis.

Basics of Atomic PDF Analysis. Atomic PDF analysis is a
method of extracting local structure information from neutron
or X-ray scattering experiments that goes beyond the average
structure information available through conventional Bragg
diffraction analysis. Here, we briefly introduce the technique for
the case of neutron scattering, while noting that several thorough
reviews of the formalism and applications of atomic PDF
analysis can be found in the literature.*"*® In a scattering
experiment conducted on an isotropic sample (e.g,, glass, liquid,
powdered crystal) with a collimated beam of monochromatic
neutrons with incident wavelength A, the diffracted intensity
(counts/s) measured by a detector cell at scattering angle 26 can
be written as

do
I(q) =@ d—Q(q) dQ )

where the scalar q = Igl = (472/1)sin(0) is the wave-vector
transfer, @ is the incident flux, and d€2 is the solid angle of the
detector cell. The diffraction pattern is therefore proportional to
the differential scattering cross-section do/d€Q, which is a function
of g. Once normalized per atom, this can be written as the
following sum of a g-dependent “distinct” term (interference
between different atoms) and an isotropic “self” term (self-
interference from individual atoms):

https://doi.org/10.1021/acs.chemmater.4c01535
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where the dimensionless function S(q) is called the static
structure factor for the material and contains all the structural
information on the diffraction pattern. Here, b is the “coherent”
scattering length averaged over all isotopes and nuclear spin
states of the atomic species.

The local atomic structure of the sample is revealed via
Fourier transform of the distinct term S(q) — 1 over the
experimentally accessible g-range [gumin Gma), leading to the
experimentally determined, model-independent PDF(r),

Tonax
PDF(r) = = q[S(q) — 1lsin(qr)dq
Denin
1 < 1
~ N Z [75(1' - rl.j)] — 4r 1p,

i#j (3)

The peaks arising from the J-functions occur at atomic pair
separation distances r;, and integration of the peak areas leads to
the average atomic coordination numbers; thus, the PDF
provides a histogram of the local atomic structure. Our
assumption of isotropic scattering makes the PDF an orienta-
tional (i.e,, powder) average, where the first term is the standard
expression for the spherically averaged autocorrelation function
for a volume of distinct point-like scatterers. The second term is
linear in r with a negative slope proportional to the average
atomic number density p.°” In a real experiment, the o-
functions are broadened due to the finite value of q,,,, resulting
in a finite real-space resolution Ar. In addition, the real-space
extent of the PDF signal is limited by the finite g-resolution Ag
of the diffraction experiment as determined by the coherence
volume of the scattered neutrons.”® Larger g, and finer Aq lead
to improved real-space resolution and increased real-space
extent. Typical neutron PDF instruments provide Ar in the
range 0.1—0.15 A and r,,,, in the range S0—100 A.

An important note is that PDF(r) is an ensemble average over
all local atomic structures in the material. Moreover, for the vast
majority of PDF experiments conducted on instruments that do
not analyze the energy of the scattered beam (and thus
effectively integrate over all energy transfers), the PDF probes
atomic correlations with an extremely short neutron coherence
time’® typically on the order of femtoseconds, much shorter
than the fastest atomic vibration periods of 0.1 ps or so. Because
the entire scattering pattern is considered (e.g., Bragg and diffuse
scattering, elastic and inelastic scattering), atomic PDF analysis
is referred to as a “total scattering” technique. Note that even a
perfectly crystalline material will produce some diffuse and
inelastic scattering due to thermal atomic vibrations.

In summary, a total-scattering diffraction pattern and its
Fourier transform PDF(r) represent an ensemble average of quasi-
instantaneous local structures within the sample. By including all
diffusely and inelastically scattered neutrons, it contains the
maximal amount of structural information about the sample that
is available via diffraction, including all dynamic and static
positional correlations between neighboring atoms. In contrast,
conventional analysis of integrated Bragg peak intensities (e.g.,
Rietveld refinement) represents only the sample’s space- and
time-averaged structure, disregarding interpeak diffuse intensity
containing information about spatially local deviations from
crystalline periodicity as well as inelastic scattering containing
inform%tion about dynamic atomic correlations (e.g, pho-
nons).

9094

We note that certain neutron spectrometers can function as
diffractometers with a variable range of energy-exchange
integration AE, thereby adjusting the coherence time over
which the sample’s structure is time-averaged by a couple orders
of magnitude, which allows to measure the characteristic time-
scales of the local structure’s dynamics, as well as to identify the
atomic displacements responsible for observed vibrational
excitation energies. This relatively new method is generally
referred to as “dynamic PDF” analysis.”’*>”*

Although the preceding discussion has focused on neutron
scattering, it applies largely to X-ray scattering as well, with the
important caveat that X-ray scattering is subject to a g¢-
dependent form factor that requires some additional consid-
eration.

Basics of Magnetic PDF Analysis. Magnetic PDF analysis,
which follows in close analogy to atomic PDF analysis, provides
access to local magnetic correlations through the Fourier
transform of the diffraction signal produced by neutrons
scattering from magnetic moments in a material. We consider
a system of N identical atomic magnetic moments ,,, casually
referred to as “spins”, whose magnitude i, is expressed in units
of the Bohr magneton iy and represents the total local atomic
magnetic moment including the spin—orbit interaction as well as
itinerant electron contributions, i.e. the magnetic moment
magnitude that contributes to magnetic scattering intensity.
Quantum mechanical interactions between the spins lead to
orientational correlations, which may be quantified at a given
instant via classical vector products rather than spin operators,
following Wright”*”* and others.”*~”* This method allows us to
simplify somewhat the expression first derived by Blech and
Averbach®® for the total magnetic differential unpolarized
neutron scattering cross-section per atom of an isotropically
scattering system of N spins (e.g., a powdered crystal), and for
zero magnetic field applied to the sample:

1 d(f 2 2.2 2 1 ~ SIn(qu])
- = — 4+ — A ——
NdQ| P b (@) 3 NE‘ T g
A Sin(qrij) Cos(qrij)
Bij 3 2

where p =y, r,/2 = 2.696 fm with y, = 1.913 as the neutron
magnetic moment in units of nuclear magnetons and r, = 2.818
fm as the classical electron radius, f,,(q) is the magnetic form
factor with £,,(0) = 1, and A; and B; are spin orientational
correlation coefficients for spin components that are respectively
perpendicular (i.e., transverse) or predominantly parallel (i.e.,
longitudinal) to the interspin vector r; = r; — r;. Defining unit
vectors fl, = b,/ My, for the magnetic moments of spins i and j,
we can express their orientational correlation coefficients in
terms of simple products of Cartesian components:

A def A

— 0y 0
Ay = I By

AX  AX

hnifinj ~ A (s)
where our choice of local coordinate system aligns x = r;;/r;; for
each spin pair whose (x, ) plane contains the ith unit spin vector
fl; (but not necessarily also i, ).

The first term on the right-hand side of eq 4 is the magnetic
self-scattering per atom, i.e., the perfect orientational correlation
of a given magnetic spin with itself, which can be written as
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where we have introduced the magnetic scattering length

b (q) \/7 i f, (q). The magnetic self-scattering corre-

sponds to the total diffraction intensity per spin in the absence of
orientational correlations between neighboring spins. Such a
sample with zero spin correlations is simply in a perfect
paramagnetic state. By subtracting the magnetic self-scattering
bz(q) from the total magnetic differential scattering cross-
section, we retain only that corresponding to correlations
between distinct magnetic spins (i # j), i.e. the distinct term.
Also in analogy to atomic PDF analysis, this distinct term is then
normalized through division by the magnitude of magnetic
diffraction intensity per magnetic ion given by eq 6. Typically,

m, self

only the value at g = 0 is used, i.e. %pz,u; = b2(q = 0), although
in some cases dividing by the full g-dependent b,(q) may be
desirable (see further discussion below). For now, we divide by
bZ(q = 0) and then take the Fourier transform to produce the
model-independent mPDF(r):>

AT 0
def N dQ m m .
mPDE(r) = — P sin(qr)dq
oy o
311 Aij~ 2
R —25(r —r,) + B,—0(r, — 4z rp (F)/
N 2|00 =) + B8 - 1) Pu(F) /1
i#j ’7
(7)

where p_ is the number density of magnetic ions and

(F) =2

3
moment vector {i,,) within a magnetic domain”*’**" (which is
zero for magnetic domains having no net magnetization, e.g.
antiferromagnets). Substituting this expression for (F ) allows us
to simplify our expression somewhat to

(m,)-(n,), ie. the square of the average magnetic

31 A, A r
]5(r r) + B;—0(r;
i#j r rl]

— 4z A N (8)

which, as expected, is independent of the common magnetic
moment magnitude p,, (again, expressed in units of Bohr
magnetons jz). We note again that we have chosen to quantify
the orientational correlations between spins via classical vector
products. Here we are also assuming that small-angle neutron
scattering (SANS) from very long-range magnetic spin
correlations is not included in the scattering intensity that is
Fourier transformed.

As for the atomic PDF(r) of eq 3, the first term in our result
(eq 8) for the magnetic PDF(r) is the spherically averaged
autocorrelation function of the spatial distribution of the
scattering centers encountered by the unpolarized neutrons,
appropriately weighted by the coefficient A;;. Moreover, the term
weighted by Bj; averages out to zero in the case of cubic
symmetry”> or when the relative orientation of spins i and j is
independent of the direction of the interspin vector ;. 755 The
mPDF(r) even includes the subtraction of a term hnear inr
(albeit zero for antiferromagnets), again similar to the atomic
PDF(r). However, in contrast to neutron scattering from point-
like nuclei having a certain scattering length, which leads to the

mPDF(r) ~ -r)

9095

sum of 5-functions in eq 3 for the atomic PDF(r), magnetic
scattering intensity results from neutrons interacting with
extended volumes of magnetic scattering-length density (i.e.,
spin density), giving rise to the magnetic form factor f,,(q). The
peaks in mPDF(r) are therefore appropriately broadened by the
spatial extent of the magnetic spin density surrounding the
nuclei of the magnetic ions, as indicated by the tildes over the
delta and Heaviside step functions above, and as observed
experimentally when magnetic total-scattering intensity is
Fourier transformed to mPDF(r). Approximating fa(q) as a
Gaussian (whence the = signs in eqs 7 and 8), this real-space
broadening of the mPDF(r) peaks is given by FWHMr
4ln(4)/FWHMf:1 (a): In some cases, however, it can be useful to

~
~

go a step further and to divide the magnetic intensity
additionally by f%(q) before Fourier transformation, effectively
performing a real-space deconvolution of the spin-density
distribution, in order to sharpen the peaks of the mPDF(r).*
Note however that such a mathematical operation assumes
isotropy in the spin density around magnetic ions and may
require corrections for inaccuracies in the heuristically modeled
magnetic form factor functions at high g.

Happily, eq 8 is very intuitive, and shows that peaks arise in
the mPDF pattern at spin-pair separation distances, and that the
sign of the peak depends on whether the transverse spin
correlations are parallel (positive) or antiparallel (negative).
Direct inspection of the mPDF therefore provides a simple way
to visualize the local magnetic structure, as illustrated for the
hypothetical case of a simple cubic AFM lattice in Figure 6.

R

= deconvolved
non-deconvolved

A |

mPDF (arb. units)

||

T T T
2 3 4
r (lattice units)

TV
'
.
0 1
Figure 6. Simulated mPDF pattern (left) from a hypothetical simple
cubic antiferromagnet (right) highlighting the intuitive nature of the
mPDF. The “deconvolved” mPDF pattern represents the ideal result
when the magnetic scattering intensity can be reliably divided by the
squared magnetic form factor prior to performing the Fourier
transform; this is not done for the “non-deconvolved” pattern, which
reflects what is typically done in practice and is consistent with eq 7.
Colored vertical lines on the left correspond to representative spin pairs
shown by the same colors on the right.

Further information about the longitudinal versus transverse
correlations can be inferred from a more detailed look at the
mPDF pattern, including the slope at low r, and/or by
comparison with a simulated mPDF pattern from a given
magnetic model.

As discussed for atomic PDF, standard magnetic diffraction
experiments effectively integrate over all possible energy
exchanges between the sample and scattered neutrons, so that
the mPDF(r) represents an ensemble average of quasi-
instantaneous snapshots of the local magnetic structure, and
thus includes both static and dynamic local spin correlations. In
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the case of a material that undergoes a long-range magnetic
ordering transition, the spin correlations below the transition
have a static (i.e., time-averaged) component with a very long
correlation length compared to the neutron coherence length.
This produces elastic magnetic Bragg peaks whose integrated
intensities can be used to refine a space- and time-averaged
magnetic structural model, to which mPDF analysis then shows
the spatially and temporally local deviations from that average
magnetic structure. Above the transition temperature, however,
there are no magnetic Bragg peaks since the spin correlation
lengths are very short, and the spin correlation times are also
very short, such that there is essentially no elastic magnetic
scattering that would lead to Bragg peaks. The local spin
correlations are nevertheless accurately depicted as well-defined
peaks in the mPDF(r), since it is the Fourier transform of total-
scattering magnetic diffraction intensity. This sensitivity to
dynamic spin correlations above the magnetic transition
temperature is one of the uniquely powerful aspects of mPDF
analysis.

The discussion above applies to powder samples. However,
similar reasoning applies to single crystals, and the Fourier
transform of diffuse magnetic scattering from a single crystal is
called the 3D-AmPDF,”* which has the advantage of resolving
spin pairs via vectors in space, and not just by radial distance.
The “A” refers to the prerequisite subtraction of the magnetic
Bragg peak intensities, whose 3-dimensional Fourier transform
would yield the magnetic Patterson function®”* representing
the space- and time-average of the magnetic structure. If no
magnetic Bragg peaks exist because the system does not exhibit
long-range magnetic order, the magnetic Patterson function is
zero. Either way, the 3D-AmPDF represents the space- and
time-local deviations from the magnetic Patterson function, and
enables a similarly intuitive interpretation as did the powder
mPDF: namely that positive and negative peaks in the 3D-
AmPDF correspond to excesses of parallel and antiparallel spin-
pair alignments, respectively, as compared to the average
magnetic structure.

Instruments and Software for mPDF Analysis.
Successful mPDF experiments require a neutron-scattering
instrument with certain key characteristics. First, the instrument
must have a sufficiently large g-range to measure enough of the
magnetic scattering to enable a meaningful Fourier transform; in
most cases, gy, should be around 0.5 A™" or lower and g,,,, at
least 6—8 A™', beyond which the magnetic form factor typically
suppresses magnetic intensity too much to be measured
accurately (but of course this depends on the magnetic species).
We note that because of the magnetic form factor, the required
qmax for mPDF is much smaller than that for traditional atomic
PDF. Second, the instrument should have very low and stable
background counts so that weak magnetic diffuse scattering
intensity can be measured reliably. Third, the counting rate
should be fast, as at a high-power reactor source or spallation
source, so that good-quality data with low statistical noise can be
collected within a reasonable time. Fourth, low-temperature
sample environments such as a cryostat or closed-cycle
refrigerator are often necessary, since magnetic transition
temperatures are often well below room temperature. Finally,
good g-resolution is also necessary if the scientific case requires
sensitivity to magnetic correlations over long real-space length
scales.

Neutron diffractometers optimized for traditional atomic
PDF analysis, including those at both reactor and short-pulse
spallation sources, often meet the above requirements and can

9096

therefore be used for mPDF analysis without additional
modification or calibration. Indeed, the majority of mPDF
experiments published to date have been performed at
traditional PDF instruments, often featuring simultaneous
atomic and magnetic PDF analysis. Prominent examples include
the hot-source neutron diffractometer D4c at Institut Laue-
Langevin (ILL),*”* which is particularly valuable for its
extremely low and stable background, NOMAD at the Spallation
Neutron Source (SNS),*” which has a very high count rate, and
NOVA at J-PARC.” Other neutron total-scattering diffrac-
tometers such as GEM”"*> and NIMROD?” at the ISIS facility
and POWGEN"* at SN are also expected to be well suited for
mPDF analysis.

Several diffractometers optimized for traditional, i.e. g-space
refinement, magnetic and/or structural diffraction studies can
also be used for mPDF analysis, as long as q,.,,, is sufficiently high
and the background is sufficiently low and stable. For these
instruments, atomic PDF data cannot be collected simulta-
neously with mPDF data, since q,,,, is usually below 10 A™" and
therefore not suitable for atomic PDF. Examples include D20 at
ILL,”® HB-2A at the High Flux Isotope Reactor,%’97 and
HYSPEC at SNS.”® The latter instrument is notable for its use of
polarized neutrons, which enables an automatic separation of
atomic and ma§netic scattering signals that can be useful for
mPDF analysis.”” A more detailed discussion of advantages and
disadvantages of reactor- versus spallation-based instruments
and PDF versus g-space diffraction instruments in the context of
mPDF analysis is warranted but will be deferred to a future
article, together with additional notes on data collection and
reduction procedures.

Once good-quality neutron scattering data have been
collected, there remains the issue of how to isolate the desired
magnetic diffraction intensity I,,(q) from the sample’s total
diffraction intensity that also includes the “nuclear scattering” or
scattering of neutrons from the atomic nuclei. One possibility is
to collect data in the paramagnetic state well above any
transition temperature and subtract this from data collected at
lower temperatures, which can remove not only the magnetic
self-scattering, but also the nuclear scattering in the case that the
latter changed little between the two temperatures. The isolated
I,,(g) can then be Fourier-transformed to mPDF(r). Neutron-
polarization methods may also be used to extract I.(g).
Alternatively, one can Fourier transform the total atomic and
magnetic scattering simultaneously to obtain both the atomic
and mPDF signals together in real space, and then model each
component simultaneously using appropriate software. This
approach, represented in Figure S, is often used at spallation-
based PDF instruments such as NOMAD.

Multiple open-source software packages exist that can
facilitate mPDF analysis. The python package diffpy.mpdf
supports comprehensive mPDF functionality, including Fourier
transforming magnetic total-scattering data to obtain the
experimental mPDF(r), simulating 1- and 3-dimensional
mPDF patterns, and modeling measured mPDF data via least-
squares refinement of 1-, 2-, or 3-dimensional unit-cell models.
Additionally, simultaneous fits to the atomic PDE(r) and
mPDF(r) can be performed with diffpy.mpdf when used in
conjunction with the DiffPy-CMI package.'”” Another option is
Spinvert,”” a popular and user-friendly program for producing a
reverse Monte Carlo (RMC) model of spins for diffuse magnetic
scattering data, which can then be Fourier transformed into a
mPDF(r) if desired, and also used to generate a useful spin-
correlation function.
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Figure 7. (a) Average atomic and magnetic structure of MnTe. (b) 3D-AmPDF pattern for MnTe showing short-range, anisotropic AFM correlations
in the xz plane at T ~ 340 K. Positive (negative) values of the 3D-AmPDF indicate net ferromagnetic (antiferromagnetic) correlations between spins
separated by the corresponding real-space vector. Adapted with permission from ref 62. Copyright 2022 Elsevier.

An advantage of fitting in g-space is that a spin configuration
can be refined even when the experimental q,,,, is too low for
Fourier transformation to a mPDF(r). On the other hand, much
of the intuitive power of mPDF analysis in real space is lost in g
space. The versatile RMCprofile'*" software package is generally
used to perform RMC modeling of nuclear scattering data, but it
also has the option to include both Bragg and diffuse magnetic
scattering. Such software has the potential to be quite valuable
for mPDF analysis, notably due to its ability to separate the
atomic and magnetic contributions to the measured total-
scattering intensity through modeling rather than through
temperature subtractions.

Of mention also is the powerful and user-friendly magnetic
crystallography software package Mag2Pol’” which treats
powder and single-crystal data from polarized (and unpolarized)
neutron diffractometers, and can also calculate the magnetic
PDE(r) for a given spin configuration.

B RECENT APPLICATIONS OF MPDF ANALYSIS TO
ADVANCE OUR UNDERSTANDING OF EMERGING
MATERIALS

We now provide a few examples of mPDF analysis as applied to
various types of magnetic materials that have recently emerged
as important systems for technological applications and/or
advancement of fundamental materials physics and chemistry.
These examples, which include the antiferromagnetic semi-
conductor MnTe, selected geometrically frustrated magnets,
and iron oxide magnetic nanoparticles, highlight the unique
information that can be gained from mPDF analysis and further
demonstrate the relevance of local magnetic structure to
material properties. Although the materials highlighted here
could be considered unusual or remarkable in some way, local
spin correlations often persist above the long-range magnetic
ordering temperature even in more conventional magnets,
which may therefore also benefit from mPDF analysis.

MnTe: High-Performance Thermoelectricity and Giant
Spontaneous Magnetostriction. MnTe is a hexagonal
antiferromagnetic semiconductor with a Néel temperature of
307 K, below which the Mn*" (S = 5/2) moments align parallel
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to each other within the hexagonal ab plane with moment
directions that alternate along the ¢ axis [see Figure 7(a)].
Despite the rather simple average atomic and magnetic structure
in MnTe, this material has recently attracted enormous attention
in several different research areas for its remarkable and varied
properties. It has been identified as a high-performance
thermoelectric compound,'®*~'** a viable platform for anti-
ferromagnetic spintronics,w5 a leading candidate for a material
realization of the recently introduced notion of altermagnet-
ism,"°'%” and a magnetostructural material with an exception-
ally large spontaneous magnetovolume effect.'”® Magnetism
underlies the exceptional behavior displayed by MnTe in all four
of these areas of interest. Here, we focus on the role of short-
range AFM correlations in driving the promising thermoelectric
and magnetostructural responses in MnTe.

Lightly doped samples of MnTe exhibit zT in excess of 1
around 800 K, making MnTe a high-performance thermo-
electric candidate.'”>'*” This large 2T is due primarily to an
unusually high Seebeck coefficient that persists to elevated
temperatures. Based on inelastic neutron scattering data and
theoretical predictions,'®® this has been attributed to the
influence of paramagnons, which are dynamically correlated,
short-range AFM spin fluctuations in the near paramagnetic
state existing above the magnetic transition temperature.
Essentially, paramagnons are like magnons (ie., quantized
spin waves) but shorter-lived and shorter-ranged because they
exist in a quasi-paramagnetic state. Naturally, a perfectly
paramagnetic state would have absolutely no correlations
between distinct spins.

Through a mechanism called “paramagnon drag”, a temper-
ature gradient induces a thermal flux of paramagnons, which in
turn “drag” electrons through the lattice via exchange of linear
momentum between the electrons and paramagnons. This
mechanism is effective as long as the spatial and temporal extent
of the paramagnons is sufficiently long, i.e. comparable to the
effective Bohr radius and scattering time of mobile carriers.

An important contribution of mPDF was to probe these short-
range AFM correlations directly to verify the paramagnon drag
scenario.”” Figure 7(b) displays the 3D-AmPDE pattern
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Figure 8. (a) Temperature dependence of the average magnetic order parameter (AMOP) and local magnetic order paramater (LMOP) as
determined by mPDF fits. The LMOP corresponds to the instantaneous AFM correlations between nearest-neighbor spins. (b) Unit cell volume
versus temperature obtained from X-ray PDF data. The blue vertical line marks Ty at the point of inflection, and the black curve indicates the expected
unit cell volume if magnetism were absent in MnTe. (c) Comparison of the magnetically induced fractional volume change —AV/V (black circles, left
vertical axis) to the LMOP (red squares, right vertical axis). Adapted with permission from ref 108. Copyright 2023 John Wiley and Sons.

generated from diffuse magnetic scattering data collected from a
single crystal of MnTe at 340 K, above the Néel temperature of
307 K. Light and dark spots occur at interatomic vectors
corresponding to pairs of Mn atoms whose spins are parallel and
antiparallel, respectively, with x and z indicating interatomic
vector components along the crystallographic a and ¢ directions.
The 3D-AmPDF pattern therefore confirms the presence of
well-defined short-range AFM correlations on the length scale of
a few nanometers in the otherwise paramagnetic state of MnTe.
Furthermore, the rows of light and dark spots that alternate
along z reveal a short-range-ordered version of the average AFM
structure, with parallel alignment of spins within the ab plane
and antiparallel alignment between neighboring spins along c.
Interestingly, the correlation length is about twice as long along z
as it is along x, which can be explained by the much stronger
magnetic exchange interaction between nearest-neighbor spins
along ¢ than among the neighboring spins in the hexagonal ab
plane.

Temperature-dependent mPDF data collected on a powder
sample of MnTe demonstrates that the short-range AFM
correlations are remarkably robust with temperature, again
supporting the paramagnon drag picture. This can be seen in
Figure 8(a), where the local magnetic order parameter (LMOP,
i.e. the magnitude of the instantaneously correlated component
of nearest-neighbor spins expressed in Bohr magnetons)
extracted from mPDF fits shows only a slow decrease with
temperature above Ty, remaining above 1 py at 500 K, thus
demonstrating the robustness of instantaneous short-range spin
correlations above Ty and supporting the presence of para-
magnons at high temperatures. The correlation length (not
shown) has a relatively constant value of several Angstroms
above 400 K and grows steadily as the temperature decreases
below 400 K until long-range order is achieved at Ty. The
behavior of the LMOP contrasts with that of the average
magnetic order parameter (AMODP, i.e. the traditional “ordered
moment” as averaged over space and time), which shows the
typical decrease to zero upon warming through Ty. This
underscores how the local and average magnetic structures can
be dramatically different in a large temperature window above
the long-range ordering temperature.

Magnetic PDF analysis has also proven useful for under-
standing magnetostructural coupling in MnTe.'”® Figure 8(b)
shows the unit cell volume V of MnTe determined from fits to
the atomic PDF obtained from X-ray scattering data. The fits
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were performed over the data range 0—50 A, reflecting the
structure on this length scale. Upon cooling from high
temperature, the experimentally determined volume (red
symbols) initially shows the typical linear thermal contraction,
but then drops below the high-temperature trend starting
around 400 K. This anomalous contraction of the unit cell
volume is most pronounced around Ty = 307 K, indicating that
the magnetism in MnTe is driving the lattice contraction and is
thus a manifestation of the spontaneous magnetovolume effect.
The expected temperature dependence of the unit cell volume in
the absence of any magnetic effects is given by the black curve in
Figure 8(b), which was calculated using the Debye-Griineisen
model.'”® The fact that the lattice contraction begins well above
Ty strongly suggests that the short-range AFM correlations in
the otherwise paramagnetic state begin driving the global lattice
response even before the onset of long-range AFM order. This is
confirmed by overlaying the LMOP from Figure 8(a) on the
fractional volume change — AV/V, where AV is the difference
between the expected (nonmagnetic) unit cell volume and the
observed volume, as displayed in Figure 8(c). A clear one-to-one
correspondence is seen even above Ty, confirming that the local
magnetic structure (whether above or below Ty) is responsible
for the change in unit cell volume, once again highlighting the
strong influence that short-range magnetism can have on
material properties. These results also demonstrate that short-
range correlations in one degree of freedom (spin) can couple
efficiently to longer-range correlations in another degree of
freedom (lattice). Incidentally, the unit cell contraction in MnTe
reaches a remarkably large value of nearly 1% at low
temperature, qualifying as the largest known spontaneous
magnetovolume effect in an antiferromagnet.108

Geometrically Frustrated Magnets: Insights from
Static and Dynamic Short-Range Spin Correlations
Revealed by mPDF Analysis. The sensitivity of mPDF to
short-range correlations makes it an especially valuable tool for
studying geometrically frustrated magnets. As described
previously, frustration inhibits the formation of long-range
order, such that the system orders at anomalously low
temperatures or not at all, as for a QSL. In either case, short-
range correlations (either static or dynamic) are ubiquitous in
frustrated magnets and contain vital information about the
underlying physics of the material, making them a prime
candidate for mPDF analysis.
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Figure 9. Ln magnetic ions of the SrLn,O, structure form a distorted honeycomb lattice (left) whose hexagonal sheets are linked along the c-axis by two
slightly different types of zigzag “ladders” (right) wherein NN ions reside along the same ladder pole, and NNN ions are connected by diagonal “rungs”
within a given ladder. The triangular geometry of the zigzag ladders gives rise to magnetic frustration for AFM interactions. Reproduced with

permission from ref 13. Copyright 2022 American Physical Society.
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Figure 10. Total magnetic scattering from SrGd,0, in g-space (a) and r-space (b) after subtraction of the paramagnetic contribution at S0 K
representing uncorrelated Gd** spins. The normalized mPDF(r) values were calculated from the experimental data using the first line of eq 7. Adapted
with permission from ref 13. Copyright 2022 American Physical Society.

The study by Qureshi et al."* on the frustrated magnetism of
lanthanide strontium oxides provides an excellent example of the
power of magnetic PDF analysis to follow the temperature
evolution of short-range spin correlations continuously as the
magnetic transition temperature is crossed. As shown in the left
side of Figure 9, the magnetic ions of the SrLn, O, structure form
a distorted honeycomb lattice wherein the hexagonal sheets are
stacked along the c-axis and connected by zigzag “ladders”,
shown in detail at the right. Each magnetic ion has a nearest
neighbor (NN) along the same pole of the ladder, and then two
next-nearest neighbors (NNN) on the opposite pole as linked by
diagonal “rungs”. These neighboring ions form “intra-ladder”
spin pairs, as opposed to “inter-ladder” pairs at greater distances.
Antiferromagnetic (AFM) interactions between NN and NNN
are geometrically frustrated by the triangular geometry of their
zigzag ladder. Note that there are two different ladders of Ln
sites having slightly different dimensions and crystallographic
environments for their magnetic ions.

The SrGd,0, compound (Ty = 2.73 K) is particularly
illustrative. Figure 10(a) shows the total measured magnetic
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diffraction intensity resulting from Gd** spin correlations at
several temperatures, which was obtained by subtracting from
the total-scattering diffraction pattern of each temperature the
diffraction pattern at SO K as a paramagnetic “baseline”
comprising nearly uncorrelated spins. Such a subtraction also
eliminates the nuclear diffraction intensity as long as there is
little thermal contraction of the lattice below 50 K, as was the
case here. The magnetic scattering intensity was then Fourier
transformed to produce the mPDF(r) of Figure 10(b), where
weak AFM spin correlations are still visible at the Gd—Gd next-
nearest-neighbor distance of ~3.6 A for temperatures up to 10
times Ty.

Most striking in the mPDF(r) curves is the contrast between a
nearly continuous increase in spin correlations at the shortest
interspin distances as the magnetic transition is crossed, as
compared to a sudden jump of mPDF amplitude at larger
interspin distances. This temperature dependence of spin pair
correlations as a function of spin separation can be made site-
specific by performing RMC simulations using Spinvert,”” and
then calculating the spin correlation function (SCF) which is
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Figure 11. Spin correlations in SrGd,O, between different spin pairs at a given temperature (a) as a function of interspin distance, and the temperature
dependence of the spin correlation for selected spin pairs (b) both within and between “zig-zag ladders” of the structure. Adapted with permission from

ref 13. Copyright 2022 American Physical Society.
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Figure 12. (a, b) Expected ATAO configuration of the Gd spins (red) in Gd,Ir,O; as induced by the ATAO-ordered Ir spins (blue) and as obtained from
Rietveld refinement but with a too small ordered Gd** moment of M; = 4.35 pip as compared to the nominal 7.94 3. (c) The Palmer-Chalker spin
configuration, and (d) a coexistence of AIAO and Palmer-Chalker configurations. Reproduced with permission from ref 109. Copyright 2019

American Physical Society.
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Figure 13. Total magnetic scattering from the Gd,Ir,O, pyrochlore in g-space (a) and r-space (b) after subtraction of the paramagnetic contribution at
50 K representing uncorrelated Gd** spins. Note the strong AFM correlation at the nearest-neighbor Gd—Gd distance of r ~ 3.6 A, corresponding to
one edge of a Gd tetrahedron. The normalized mPDF(r) values were calculated from the experimental data using the first line of eq 7. Adapted with

permission from ref 109. Copyright 2019 American Physical Society.

simply the dot product of relative spin orientations for a given
pair of spin sites as averaged over all such spin pairs. Figure 11(a)
shows the resulting SCF(r) function for one temperature below
Ty and three above. The increasing discontinuity in spin
correlations at Ty with increasing interspin distance is made
even more clear in Figure 11(b) showing the temperature
dependence of the SCF for two intraladder spin pairs (green and
blue circles), as compared to that for two interladder spin pairs
(gray and red squares). As the sample is cooled toward Ty
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therefore, the intraladder correlations begin ordering very soon
due to the strong NN and NNN interactions, whereas the
interladder correlations become significant only slightly above
Ty The take-home message from this study is that short-range
dynamic spin correlations can persist up to 10 times Ty, at least
in a frustrated magnetic system, even if long-range dynamic spin
correlations have vanished soon above Ty, and that there is a
continuous increase in the abruptness of the onset of spin
correlations at Ty with increasing interspin distance.
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Figure 14. (a) mPDF(r) at 3 K for the Gd** spins as obtained from a Fourier transform of the data in Figure 13(a), and as calculated for the expected
ATAO spin configuration of Figure 12(b). (b) mPDF(r) as calculated for the Palmer Chalker (PC) spin configuration of Figure 12(c), which
reproduces the AFM correlations found experimentally at  ~ 3.6 A. Reproduced with permission from ref 109. Copyright 2019 American Physical
Society.

1
2042 (b) (© @
10+ 6
E 04 . .Q. ] 3 = * 0
> 0-0 -
-10- ¢
-204
-1

x [A] x [A] x [A] x [A]

Figure 15. 3D-AmPDF patterns for natural spin glass mineral bixbyite with composition Fe, ;Mn, 405 at (2) 7K, (b) S0 K, (c) 80K, and (d) 240 K.
The spin-glass freezing temperature is 32 K. The patterns correspond to the z = 0 plane. Reproduced with permission from ref 110. Copyright 2019
American Physical Society.

Other than determining quantitatively the short-range spin Gd spins at r ~ 3.6 A, whereas the data clearly showed a strong
correlations both below and above the magnetic transition antiferromagnetic (AFM) correlation between the same spins.
temperature, mPDF analysis can also reveal additional complex- Such a discrepancy between model and data was not at all
ity in an ordered magnetic system that could not be deduced evident from the conventional Rietveld refinement that had
from conventional Rietveld refinement of magnetic Bragg peaks. been carried out. Additional modeling then showed that the
For instance, in the case of the pyrochlore Gd,Ir,0-, both the Gd—Gd nearest-neighbor AFM correlations could be repro-
Gd and Ir spins are geometrically frustrated, as they each duced (see Figure 14(b)) via a coexistence of Palmer Chalker
populate the vertices of separate pyrochlore sublattices. The Ir (PC) spin correlations between Gd spins in addition to the
spins order into an All-In-All-Out (AIAO) configuration at 120 ATAO correlations, as illustrated in Figures 12(c) and (d). The
K, and it was expected that the Gd spins do likewise on their observed PC correlations showed that it was necessary to take
sublattice at much lower temperature (see Figures 12(a) and into account a weak easy-plane Gd*" anisotropy in the context of
(b)). Indeed, as reported by Lefrangois et al,'”” Rietveld the staggered molecular field induced by the AIAO ordering of
refinement of magnetic Bragg peak intensities from neutron the Ir ions, instead of making the usual assumption that Gd—Gd
powder diffraction data taken at 1.4 K confirmed an ATAO interactions can be treated as isotropic 3D-Heisenberg. Such an
configuration for the Gd spins, but with an ordered magnetic insight and the resulting determination of the low-temperature
moment of only M| = 4.35 pp as compared the full moment of magnetic structure of Gd,Ir,O; might never have been made
7.94 py for Gd** spins. The apparent spin disorder was without magnetic PDF analysis, since it reveals short-range spin
consistent with the observation of a broad bump of magnetic correlations quantitatively and independently of any modeling
diffuse scattering at ¢ ~ 1.2 A™". bias.

An mPDF experiment was then performed as a function of The naturally occurring mineral bixbyite with the chemical
temperature, where again the total magnetic scattering intensity formula (Mn,_,Fe,),0; showcases the value of 3D-AmPDF for
due to Gd* spin correlations was isolated from the nuclear studying frustrated magnets. The Mn and Fe atoms are
scattering via the subtraction of a 50 K paramagnetic “baseline” randomly distributed on shared crystallographic sites that
diffraction pattern from the lower temperature patterns, and form triangles and hexagons within the overall cubic structure.
then Fourier transformed to produce mPDF(r) for temperatures This combination of substitutional disorder and frustration gives
of 3 K, 10 and 20 K (see Figure 13). It was assumed that the Ir rise to a spin-glass transition, in which the spins freeze into a
spin configuration did not change between 50 and 3 K. short-range-ordered configuration below the spin-glass freezing

A comparison of the measured mPDF(r) with that calculated temperature. Spin glasses have attracted enormous attention
for an AIAO model of Gd** spins showed a significant qualitative over the past several decades for their highly unusual magnetic
discrepancy in the short-range spin correlations as shown in properties and their role as model systems for complexity.'®
Figure 14(a), namely that the AIAO model predicted a weak Roth et al.**''* performed 3D-AmPDF analysis on a single
ferromagnetic (FM) correlation between nearest-neighbor Gd— crystal of Fe; ;Mnggs03, which has a spin-glass transition
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Figure 16. Atomic and magnetic PDF analysis of iron-oxide spinel nanoparticles. Descriptions of the fits and how the mPDF signal was isolated are
given in the main text. Adapted from ref 118. Available under a CC-BY license. Copyright 2021 Henrik L. Anderson et al.

temperature of 32 K, to probe the local instantaneous spin
correlations. The 3D-AmPDF patterns are shown at various
temperatures above and below the transition temperature in
Figure 15. The pattern at 7 K reveals clear short-range AFM
correlations with a length scale of ~15 A, confirming the
disordered spin-glass ground state. Interestingly, the local
instantaneous AFM configuration is qualitatively unchanged
above the spin-glass transition up to about 240 K, aside from an
overall weaker amplitude due to increased thermal disorder.
This indicates that the local magnetic environment character-
istic of the frozen spin-glass state is preserved in the otherwise
paramagnetic state, but as dynamically fluctuating spin
correlations. The ability to probe this behavior directly and
quantitatively is fairly unique to mPDF analysis and sheds new
light on the decades-old spin glass phenomenon.

Magnetic PDF has been successfully applied to even more
exotic geometrically frustrated magnets, such as candidate
QSLs’” and a material realizing a topological Kosterlitz-
Thouless phase,111 which we will not discuss in detail here. In
all cases, the ability to visualize and model the local magnetic
correlations through mPDF analysis has resulted in substantially
deeper understanding of the properties of each specific system as
well as the general physics of geometrically frustrated magnets.

Magnetic Nanoparticles. Nanosized particles of ferro- or
ferrimagnetic compounds such as the iron-oxide spinels Fe;O,
(magnetite) and y-Fe,04 (maghemite) have recently seen an
explosion of interest due to their applications in diverse fields
ranging from medicine to information storage.''””''® For
example, they can be used for targeted treatment of cancerous
tumors through the phenomenon of magnetic hyperthermia,''®
by which an alternating magnetic field excites magnetic
nanoparticles that have been delivered to the tumor, increasing
the temperature locally to destroy the tumor with minimal
damage to surrounding tissues. Additionally, the super-
paramagnetic properties of magnetic nanoparticles have proven
to be extremely effective for enhancing contrast in magnetic
resonance imaging (MRI), thus improving its diagnostic
capabilities.""”
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Despite the broad applications of iron-oxide nanoparticles
that are already in advanced stages of development, several basic
aspects of their chemistry, structure, and magnetism have
remained unclear for many years. By definition, nanoparticles
have no long-range crystal structure, so PDF methods provide a
crucial alternative to conventional Bragg diffraction for
investigating their atomic and magnetic structure. A recent
study of iron-oxide spinel nanoparticles provided the first use of
mPDF analysis to investigate magnetic nanoparticles.''® In this
study, a novel surfactant-free, hydrothermal synthesis method
was used to produce gram-scale samples of iron-oxide
nanoparticles in dried powder form with average particle sizes
ranging from approximately 8 to 25 nm. Several structural
probes, including X-ray atomic PDF, were used to ascertain that
the composition was intermediate between Fe,O; and Fe;0,.
The best structural model was found to be a modified version of
the tetragonal structure of y-Fe,O;, in which Fe vacancies
partially order into a superstructure. Interestingly, the structural
correlation length of the vacancy superstructure was shorter than
the overall particle size, indicating a nonuniform local structure
that is nevertheless distinct from the core—shell nanoparticle
picture that had been suggested previously.''” This implies a
compositional gradient across the nanoparticles, with the Fe-
rich vacancy-ordered center gradually evolving into a more
oxidized and disordered outer region.

Magnetic PDF was used to provide the missing information
about the local magnetic structure. Combined atomic and
magnetic PDF fits were performed using neutron total-
scattering data collected from NOMAD at the SNS. The
modified y-Fe,O; model used for the atomic X-ray PDF fits
described in the previous paragraph was again used for the
atomic PDF in the neutron data, while the ferrimagnetic
structure previously observed in bulk Fe;O, and y-Fe,O; was
used as the starting magnetic model for the mPDF component.
A representative fit is shown in Figure 16. In this figure, the
upper set of black and red curves represent the experimental and
best-fit total PDF patterns, respectively, which include both the
atomic and magnetic PDF components. Offset vertically below,
the overlaid gray and red curves represent the isolated
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experimental and best-fit mPDF components, respectively. The
experimental mPDF was obtained by subtracting the calculated
atomic PDF from the total PDF data. The overall fit residual
shown in blue is relatively small and flat, confirming the good
quality of the fit.

Two aspects of the mPDF analysis are noteworthy. First, these
results demonstrate that mPDF can be successfully applied to
magnetic nanoparticles, opening the door to similar studies in
the future. Second, the magnetic correlation length determined
from the fits was found to be 15 + 2 nm, significantly shorter
than the overall particle size of 24 + 1 nm determined from the
atomic PDF fit. This is evident in the figure from the more rapid
damping in real space of the mPDF compared to the total PDF,
which is dominated by the atomic PDF. This provides an
important and otherwise unknowable insight into the nature of
these iron-oxide nanoparticles, namely that the magnetic
structure does not extend uniformly throughout the entire
nanoparticle. This could be due to deviations from the
ferrimagnetic order near the surface of the particles because of
spin canting, for example.

B CONCLUSION AND OUTLOOK

In this Perspective, we have demonstrated the importance of
local magnetic structure for the physical properties and
fundamental physics of a wide variety of materials that have
attracted recent fundamental and applied interest. We have
additionally introduced mPDF analysis as a powerful probe of
both static and dynamic short-ranged magnetic spin correlations
via the Fourier transform of diffuse magnetic scattering data
obtained from neutron total-scattering diffraction experiments.
By transforming the diffuse scattering from reciprocal space into
real space, short-range spin correlations both above and below
magnetic phase transitions can be visualized directly, under-
stood intuitively, and modeled quantitatively, offering a uniquely
detailed view into local magnetic structure.

As a relatively young experimental technique first formalized
just 10 years ago, mPDF analysis offers several exciting avenues
for further development that will enable new science. For
example, the use of polarized neutrons is expected to improve
significantly the quality and real-space clarity of mPDF data,
providing greater sensitivity to subtle or complex features of
local magnetic structure.” In analogy to dynamic atomic PDF
analysis of energy-resolved inelastic neutron scattering data,”
recent work has demonstrated the viability of dynamic mPDF
analysis,'*” which provides unique access to energy- and time-
dependent features of short-range spin correlations and will
likely be valuable for studying excitations in systems such as
exotic quantum magnets. Working toward more routine 3D-
AmPDF analysis through improved data reduction and
modeling techniques will enable an unprecedented level of
detail in studies of short-range magnetism in crystals.
Furthermore, next-generation neutron instruments designed
with mPDF analysis in mind are set to come online in the
coming years at the European Spallation Source (DREAM),
Second Target Station of the Spallation Neutron Source
(VERDI), and potentially elsewhere, which will open up even
more doors for transformative mPDF developments and
applications. Finally, even with the instruments currently
available, we envision high-impact applications of mPDF to
numerous material systems not discussed at length here,
including magnetic topological materials, high-entropy mag-
netic materials, strongly correlated electron systems, molecular
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magnets, and more. The future is bright for mPDF analysis and
the study of local magnetic structure in emerging materials.
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