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A B S T R A C T

Recent advancements in the magnetic pair distribution function (mPDF) analysis of neutron total scattering data provide a powerful approach to investigate local
magnetic correlations in materials. This technique is promising for revealing short-range magnetic correlations at the sub-nanometer length scale directly in real
space. It is particularly suitable for strongly correlated electron systems and geometrically frustrated magnets. In this study, the mPDF experiment is conducted at the
multi-physics instrument (MPI) of the China Spallation Neutron Source, one of the latest neutron total scattering diffractometers in the world. We systematically
benchmarked a series of important parameters related to the experimental setup and data processing for mPDF experiments at the MPI and similar instruments. This
method not only advances the magnetic structure determination of fundamental materials but also opens the door for extending mPDF studies to more complicated
and frontier magnetic systems that are challenging for conventional diffraction methods.

1. Introduction

Exotic magnetic properties in advanced materials have aroused sig-
nificant interest over the decades, including high-temperature super-
conductivity [1,2], colossal magnetoresistance [3–5], and multiferroics
[6,7]. To further investigate the physical mechanisms behind these
phenomena, it is essential to characterize the precise magnetic struc-
tures of materials.

Since the 1950s, neutron diffraction has been established as one of
the most powerful probes for investigating the magnetic structures and
properties of materials. Neutrons possess intrinsic magnetic moments for
detecting the spins in materials, and thermal neutrons with the energy
scale of tens to hundreds of meV could have appropriate wavelengths on
the order of Ångströms, which are comparable to atomic arrangements
in condensed matter. For instance, neutron diffraction successfully
solved the magnetic structure of MnO, one of the most important anti-
ferromagnetic structures in the history [8,9]. Nevertheless, conventional
neutron diffraction is usually applied for determining the long-range
ordered magnetic structures, which mainly analyzes the magnetic
Bragg peaks from the diffraction pattern [8,10]. This technique is sen-
sitive to the long-range average structure of a material, and is therefore
poorly suited to the study of short-range local structure in exotic
materials.

At the frontiers of condensed matter research, the local short-range
magnetic ordering is key to understanding their unique and exciting
physical properties, such as spin fluctuations in quantum spin liquids
[11,12], disordered states in spin glasses [13,14], and spin orders in
diluted magnetic semiconductors [15,16].

The total scattering technique has been proven to be an effective tool
for investigating local atomic structures over the past two decades
[17–20]. Total scattering considers both Bragg peaks and diffuse scat-
tering signals, which refer to the long-range structural ordering and
short-range correlations, respectively. Atomic pair distribution function
(PDF) analysis of total scattering data can reveal the local atomic
structures of complex materials directly in real space [17]. PDF analysis
involves Fourier transforming the scattered intensity from scattering
momentum Q space into real space, requiring a relatively high Q range
to obtain high real-space resolution in the atomic PDF analysis.

The magnetic pair distribution function (mPDF) technique, utilizing
a neutron total scattering experiment [21], has been recently developed
to investigate the local short-range magnetic correlations [22–24].
Successful mPDF experiments were demonstrated at spallation neutron
sources utilizing the NPDF instrument at the Los Alamos Neutron Sci-
ence Center (LANSCE) [25] and the NOMAD instrument at the Spall-
ation Neutron Source (SNS) [26], and more recently, the HYSPEC
instrument at the SNS [23] and the NOVA instrument at the Japan
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Proton Accelerator Research Complex (J-PARC) [27]. In addition, since
the required Q range for mPDF is usually less stringent than for atomic
PDF, some mPDF experiments have also been attempted at the diffrac-
tion instruments of reactor-based neutron sources, such as the D4 of the
Institut Laue-Langevin (ILL) [28] and the HB-2A at High Flux Isotope
Reactor (HFIR) [29].

The multi-physics instrument (MPI) at China Spallation Neutron
Source (CSNS) is the latest built total scattering neutron time-of-flight
(TOF) diffractometer in China, and it features high flux and high Q
range for conducting a PDF experiment [30]. In this work, we carried
out the first mPDF experiment at the MPI instrument. The antiferro-
magnetic MnO and altermagnetic MnTe polycrystalline powders were
used as example samples to benchmark the experimental setup, data
processing, and local magnetic structural modeling procedures at the
MPI. The MnO system, a classic antiferromagnetic material, has been
studied by neutron diffraction since the mid 1950s [8,31]. The mPDF
methodology was first demonstrated in MnO, effectively revealing that
MnO has a locally monoclinic structure but tends toward the average
rhombohedral R3m symmetry. For the paramagnetic phase above the
Néel temperature TN ≈ 118 K, mPDF analysis unveiled significant
short-range magnetic correlations [32]. Due to its strong mPDF signals,
MnO has been used across different instruments for benchmarking
mPDF analysis, including the NPDF instrument at LANSCE, NOMAD
instrument at SNS, and D20 instrument at the Institute Laue-Langevin
(ILL) [22,33]. Additionally, MnTe (atomic structure space group: P63/

mmc) has an altermagnetic order of ferromagnetic ab planes, stacked
antiferromagnetically along the c axis [34]. Despite the simple antifer-
romagnetic configuration, it exhibits significant short-range magnetic
correlations above the Néel temperature, which seem to enhance the
thermoelectric performance [35–37]. The local antiferromagnet-like
fluctuations (paramagnons) may be potentially characterized by a
mPDF experiment at the MPI.

Parameters related to the neutron total scattering experiment, such
as measurement time, Q range, and data smoothing modifications, were
also studied systemically. These parameter choices may serve as a
benchmark for researchers interested in conducting mPDF experiments
to reveal magnetic correlations directly in real space, whether at the MPI
or other similar instruments. Furthermore, this study opens up possi-
bilities for developing additional mPDF-related methodologies at the
facility in the future, such as utilizing polarized neutron instruments to
separate magnetic signals and employing single crystal neutron
diffraction for three-dimensional mPDF [23,38].

2. Methods and data processing

2.1. The multi-physics instrument

The MPI utilizes beam port #16 of the CSNS target station, facing the
center of a decoupled water moderator. The MPI standard operating
wavelength range is 0.1–4.5 Å with a peak flux at around 1.2 Å. The
neutron flux at the sample position was about 4.23 × 107 n/cm2/s with
the accelerator operated at a power of 140 kW. The detector of MPI is
consisted of 3He tubes, which are divided into 7 banks, where bank #1 is
under the construction. The detectors cover a scattering angle 2θ range
currently from 12.54◦ to 170.00◦, corresponding to a Q range of 0.3–125

Å
− 1

as simulated by Bragg’s Law, ensuring coverage of a sufficiently
high Q range while maintaining appropriate Q space resolution. A
detailed introduction of MPI can be found in Xu et al. [30]. Since

magnetic scattering usually occurs at low Q, the Qmin was set as 0.5 Å
− 1

to best retain the low-Q magnetic scattering signals for the materials
under study in this work, and balancing the low signal-to-noise ratio at
the edge of the wave band. Typically, the MPI instrument can get suf-

ficient neutron counts within the Q range below 40 Å
− 1

, and PDF data

processed with different Qmax values ranging from 10.0 Å
− 1

to 31.5 Å
− 1

have been tested, which will be discussed later. The low-temperature
sample environment CCR06 was utilized during the experiment,
providing a sample environment temperature range of 5 K–600 K.

2.2. Material synthesis

Polycrystalline MnO (99.99%) powders with mass 2.90 g were pur-
chased from a commercial vendor (aladdin-e.com). Polycrystalline
MnTe samples (4.94 g) were synthesized by melting stoichiometric
amounts of elemental Mn (99.8%) and Te (99.99%) in the graphite-
coated and vacuum-sealed quartz tubes at 1273 K for 6 h, quenching
in cold water, and annealing at 923 K for 72 h, following the literature
[39]. Both samples were hand ground into fine powders through a
300-mesh sieve for neutron scattering experiments. The powders were
loaded into a 9-mm inner-diameter Vanadium can at the MPI. After
sample loading, the height of both samples is kept the same as 28 mm.
The Vanadium can was sealed by metal Indium rings in an argon
glovebox.

2.3. MPDF data processing and structural modeling

After the collection of raw diffraction patterns, both atomic PDF and
mPDF data are processed in the same procedures, as illustrated in Fig. 1.
We first stitch diffraction patterns from different banks to obtain the
structure function S(Q). We retain the low angle data and bring up to
large Q by the high angle. The data ranges of each bank in the stitching
are listed in Table S1; next, data corrections such as normalization,
absorption correction, and incoherent signal removal, are performed
using the Mantid software [40]; subsequently, the data are Fourier
transformed from reciprocal space to real space, and experimental PDFs
are obtained finally. The diffraction patterns are represented in units of
d-spacing in Fig. 1(a) and (d), for MnO at 20 K and 300 K, respectively.
The processed structure function S(Q) and PDF G(r) are shown in the
middle and right columns of Fig. 1, respectively. In addition, we have
also tested the Lorch function as the Fourier filter in the Fourier trans-
form to validate how it would affect the mPDF data quality at the MPI
[41].

For polycrystalline powder samples, both atomic (nuclear) and
magnetic scattering signals are collected together in an unpolarized
neutron scattering experiment. The local atomic structure was studied
using the atomic pair distribution function (PDF) technique, which
provides the interatomic distance distribution, i.e., the probability of
finding atomic pairs of distance r apart [17,20]. The experimental
atomic PDF, denoted Gnuc(r), is the truncated Fourier transform of the
total scattering structure function.

Gnuc(r) =
2
π

∫ Qmax

Qmin

Q[S(Q)-1]sin(Qr)dQ (1)

where Q is the magnitude of the scattering momentum transfer. The
total scattering structure function, S(Q), is extracted from the Bragg and
diffuse components of neutron powder diffraction intensity.

The atomic PDF modeling program DiffPy-CMI is used for local
atomic structure refinements against experimental PDF [42]. For a given
atomic structure, the atomic PDF can be calculated according to

Gnuc(r) = 4πr[ρa(r) − ρa0], (2)

ρa(r) =
1

4πr2Na

∑

i

∑

i∕=j

bibj
〈b〉2

δ
(
r − rij

)
. (3)

Here, ρa0 is the atomic number density of the material, and ρa(r) is the
atomic pair density, which is the mean weighted density of neighbor
atoms at a distance r from an atom at the origin. The sums in ρa(r) run
over all atoms in the sample, where Na is the number of atoms in the
system, bi is the coherent neutron scattering length of atom i, 〈b〉 is the
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average coherent neutron scattering length in the system, and rij is the
distance between atoms i and j.

The mPDF is analogous to the atomic PDF expression, but is in terms
of the magnetic form factor fmag(Q) instead of the neutron scattering
length b. For an isotropic polycrystalline sample of a typical magnetic
material possessing localized spins that belong to a single magnetic
species, the mPDF is given by [21]

Gmag(r) =
2
π

∫ Qmax

Qmin

Q

⎡

⎢
⎣

(dσ/dΩ)mag
2
3
NsS(S+ 1)(γr0)2f2mag(Q)

− 1

⎤

⎥
⎦sin(Qr)dQ (4)

=
3

2S(S+ 1)

(
1
Ns

∑

i∕=j

[
Aij

r
δ
(
r − rij

)
+ Bij

r
r3ij

Θ
(
rij − r

)
]

− 4πrρs0
2
3
m2

)

,

(5)

where (dσ/dΩ)mag is the magnetic differential scattering cross section
[43], the subscripts i and j refer to individual magnetic moments Si and
Sj separated by a distance rij, Aij = 〈Syi S

y
j 〉,Bij = 2〈Sxi Sxj 〉 − 〈Syi S

y
j 〉, S is the

spin quantum number in units of ħ, r0 = (μ0 /4π)
(
e2 /me

)
is the classical

electron radius, γ = 1.913 is the neutron magnetic moment in units of
nuclear magnetons, Ns is the number of spins in the system, Θ denotes
the Heaviside step function, ρs0 is the number of spins per unit volume,
andm is the average magnetic moment in μB, which equals zero if no net
magnetization, such as antiferromagnets. Eqn. (4) defines the experi-
mental mPDF, while Eqn. (5) shows how to simulate the mPDF for a
given magnetic structure.

The experimentally collected diffraction datasets treat magnetic
scattering the same as nuclear scattering in the PDF data processing
protocol, and does not include normalizing the magnetic scattering by
the squared magnetic form factor. This has the effect of broadening the
Gmag(r) by approximately

̅̅̅
2

√
times the real-space extent of the elec-

tronic wavefunction giving rise to the magnetic moment. This non-
deconvoluted mPDF (also called unnormalized mPDF) takes the form of

dmag(r) =
2
π

∫ Qmax

Qmin

Q
(
dσ
dΩ

)

mag
sin(Qr)dQ (6)

= C1 × Gmag(r)*S(r) + C2 ×
dS
dr

, (7)

where C1 and C2 are constants related by C1/C2 = − 1/
̅̅̅̅̅̅
2π

√
in the fully

ordered state, * represents the convolution operation, and S(r) =

F

{
fmag(Q)

}
*F

{
fmag(Q)

}
(where F denotes the Fourier transform).

The quantity F

{
fmag(Q)

}
is closely related to the real-space magnetic

moment density.
Therefore, the experimental neutron total PDF signals can be sepa-

rated into nuclear and magnetic contributions

Gtot(r) = Gnuc(r) + dmag(r)
/(
Na〈b〉2

)
. (8)

The local structural refinement is performed by the diffpy.mpdf
program within the DiffPy-CMI software framework [33,42]. For the
atomic structural modeling, the following parameters are applied. The
lattice parameters of MnO and MnTe are constrained according to the
reported crystal systems [44,45]. The anisotropic atomic displacement
parameters (ADPs), U11 (Å2) and U33 (Å2), are applied based on the
crystal symmetry. The ADPs of the same type of atoms are constrained to
be the same. δ1 (Å) is a parameter that describes correlated atomic
motions [46].

Unlike the atomic PDF, the mPDF contains both spatial and orien-
tational magnetic correlations. For mPDF structural refinements, a series
of parameters are free to refine to obtain the best fit, including the
paramagnetic scale factor (corresponding to the self-scattering compo-
nent of the magnetic differential scattering cross section), the ordered
scale factor (related to the square of the locally ordered magnetic
moment), and the direction of the magnetic moments can be described
by the θ and ϕ angles, as defined by the angles from the c and a crys-
tallographic axes, respectively, i.e., [sin θ cos ϕ,sin θ sin ϕ,cos θ]. Notice

Fig. 1. The PDF data processing of MnO measured at the MPI. (a) and (d): The diffraction patterns at (a) 20 K and (d) 300 K in units of d-spacing (Å). (b) and (e): The

structure functions at (b) 20 K and (e) 300 K after stitching banks. (c) and (f): The experimental PDFs at (c) 20 K and (f) 300 K using Qmax = 25.0 Å
− 1

.
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that the ϕ angle value does not make any difference to the mPDF of MnO
and MnTe, due to their structural symmetries, so ϕ is fixed as 0 during
the fit.MSPD (Å) is a parameter that accounts for the correlation length,
or more precisely, the domain size of coherent magnetic scattering in the
material.

Here we use the damped least-squares method (Lev-
enberg–Marquardt algorithm) [47,48], which is deployed in the Python
programming package SciPy [49], to vary the adjustable parameters to
achieve the best agreement between the calculated and measured PDFs.
The fit quality is described by the goodness-of-fit Rw, given by

Rw =

⎧
⎪⎪⎨

⎪⎪⎩

∑n

i=1
[Gobs(ri) − Gcalc(ri,P)]2

∑n

i=1
Gobs(ri)2

⎫
⎪⎪⎬

⎪⎪⎭

1/2

, (9)

where Gobs and Gcalc are the observed and calculated PDFs, respectively,
and P is the set of parameters refined in the model.

The conventional Rietveld refinements for confirming the long-range
average atomic structure are carried out using the GSAS-II software
[50]. The MnO and MnTe magnetic structures used during the mPDF
modeling are obtained from the MAGNDATA structure database [44,45,
51].

3. Results and discussions

3.1. Atomic structural modeling

Before looking into real space, we first investigate the reciprocal
space neutron diffraction data collected at the MPI. The low-angle bank
#2 diffraction patterns of the MnO sample at 20 K and 300 K are plotted
in Fig. 2(a). The magnetic Bragg peak at Q = 1.24 Å

− 1
is very sharp at

the low-temperature antiferromagnetic phase. At high temperature
(300 K), the sharp magnetic Bragg peak merges into broad and weak

diffuse scattering signals, which are usually omitted in conventional
neutron diffraction analysis, but are prominent in mPDF local magnetic
structural modeling. The Rietveld refinements for the MnO atomic
structure are shown in Fig. 2(b) and (c) for low and high temperature
data, respectively. As expected, the magnetic Bragg peak arising at 20 K
cannot be described by atomic scattering contributions.

Now let us move to the real-space PDF data. In a neutron total
scattering experiment, both atomic and magnetic scattering signals are
collected altogether, resulting in neutron PDF data containing both
contributions. As shown in Fig. 2(d), the experimental total PDFs of MnO
at 20 K and 300 K are plotted together, and all the PDF peak positions are
aligned reasonably well, indicating that the crystal structure does not
change much, and the rock-salt cubic average structure (space group:
Fm3m) in the high-temperature paramagnetic phase distorts slightly to a
rhombohedral structure (s.g.: R3m) while cooling to the low-
temperature magnetically ordered phase. In addition, the measured
PDF data at low temperature have different amplitudes at all the peak
positions, since the mPDF signals of magnetically ordered phase are
added to the atomic ones when below the Néel temperature (the total
PDF peaks have larger amplitudes if the mPDF has positive values, and
smaller amplitudes if negative).

Quantitative atomic PDF refinements were performed for both low
and room temperature MnO data, with the fit results shown in Fig. 2(e)
and (f), respectively. At low temperature (20 K), after subtracting the
atomic PDF contribution from the experimental neutron total PDF, the
remaining magnetic signals are prominent, represented by green curves
offset below, indicating significant antiferromagnetic correlations in
MnO. In contrast, the experimental PDF at 300 K primarily exhibits
atomic PDF signals, as indicated by the small difference curve in Fig. 2
(f).

3.2. Fourier tansform Qmax

In the mPDF local structural refinement, an initial atomic and

Fig. 2. (a) The experimental diffraction patterns of MnO at 20 K (blue curve) and 300 K (red curve). (b) and (c): The experimental diffraction data (blue circles) at (b)
20 K and (c) 300 K are fit by the MnO atomic structure (red curves), and the difference curves (light blue) are shown offset below. (d) The experimental PDFs of MnO
at 20 K (blue curve) and 300 K (red curve) using Qmax = 25.0 Å

− 1
. (e) and (f): The experimental PDF data (blue circles) at (e) 20 K and (f) 300 K are fit by the MnO

atomic structure (red curves) over the range of 1.5 < r < 20.0 Å, and the difference curves (green) are shown offset below.
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magnetic structure model needs to be built first. For MnO, the rhom-
bohedral structure is applied for the atomic PDF model at all tempera-
tures. Below the Néel temperature (118 K), the magnetic transition is
accompanied by a rhombohedral compression of the lattice along the
[111] direction (the rhombohedral lattice is derived from the cubic one).
The spins of the Mn2+ ions lying within common (111) planes align
ferromagnetically, with antiferromagnetic alignment between adjacent
planes along the [111] direction, forming a type-II antiferromagnetic
structure, as shown in Fig. 3(a) [31,44].

Analogous to atomic PDF technique, different Qmax choices deter-
mine the real-space resolution of the short-range magnetic structure in

mPDF. Data processed with Qmax ranging from 10.0 Å
− 1

to 31.5 Å
− 1

are
tested systematically to characterize the mPDF data quality at the MPI.

The PDF data using differentQmax are shown in Fig. S1. The PDF peak
positions are distinguishable, such as the nearest neighbor Mn–O bond,
represented by the negative peak at r = 2.2 Å , and the second nearest
neighbor atom pair, i.e., the positive peak at r = 3.1 Å. However, the
real-space resolution may be too low if a small Qmax Fourier transform
cutoff is applied, resulting in PDF peaks that are too broad to distinguish
individual atom pairs.

The atomic and magnetic PDF structural refinement results are
compared using different Qmax, as shown in Fig. 3. The blue circles
represent the experimental PDF collected at the MPI, with the best-fit
total PDF overlaid in red. The isolated mPDF component is given by
the gray curve offset below, with the best-fit unnormalized mPDF shown
by the blue curve. The overall fit (atomic plus magnetic PDF) residual is
displayed in the green curve near the bottom. The PDF fit qualities are
similar, as described by the goodness-of-fit Rw parameter in Fig. S2. The
detailed structural refinement results are listed in Table S2. The

PDF processed with Qmax = 25.0 Å
− 1

gives the best fit quality (the
lowest goodness-of-fit parameter Rw). If the Qmax is set too low (such as

Qmax = 10.0 Å
− 1

), the PDF peaks become significantly broadened,

which is not sufficient for obtaining high-resolution real-space infor-
mation. Even though considering that magnetic form factors decay
quickly with scattering momentum Q, the real-space resolution of the
magnetic structure may not be greatly affected by using a low Qmax. In
some cases, if the atomic structure has been previously resolved, col-
lecting neutron total scattering data using a beamline with limited Q
range could also be acceptable for the mPDF study [23,29]. Since atomic
and magnetic structures are highly related with each other (determining
the location of spins requires the atomic site information), it is best to
resolve both parts with high real-space resolution. In the following, we

will use the Qmax = 25.0 Å
− 1

datasets as representative results for
discussions.

3.3. Refinement heuristics

Since neutron powder diffraction data contain both nuclear and
magnetic scattering signals, we need to separate them during the
structural refinement. To address this challenge, two refinement stra-
tegies were tested for modeling the local structure in real space: 1)
Toggle mode: in one cycle, it first performs the atomic PDF structural
refinement against the experimental PDF data, and then all the atomic
structural parameters are fixed, followed by the mPDF refinement
against the residual. This can be repeated (by three times in this work) to
obtain further optimized results. 2) Co-refinement mode: it calculates
both atomic and magnetic PDF signals, sums them up to fit against the
experimental PDF, and refines both the atomic and magnetic structures
simultaneously.

For the MnO data at 20 K, both refinement modes yield nearly
identical fit quality, as demonstrated in Fig. S3. They effectively
resolved the atomic structure and antiferromagnetic alignment along
the [111] direction in real space (see insets of Fig. S3). The refined
magnetic structure closely matches the literature reported results ob-
tained from the NPDF instrument [22] and the NOMAD instrument [33].

Fig. 3. (a): The atomic and magnetic structure of MnO, where Mn and O atoms are shown in purple and green, respectively, and the magnetic moments on Mn sites
are represented by red vectors. (b–f): The combined atomic and magnetic PDF structural refinements for MnO at 20 K. The experimental total PDF datasets with
different Qmax are plotted in blue circles, the calculated total PDF of the best-fit structure is shown in the red curve, the isolated mPDF experimental pattern and the
mPDF fit are displayed in the gray and blue curves, respectively, offset just below, and the overall fit residual is shown in the green curve at the bottom.
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Thus, MPI is capable of collecting high-quality mPDF data.

3.4. Data smoothing

We also investigated the impact of applying a modification
function to the mPDF data collected at the MPI. The modified PDF is
expressed as Gmod(r) = 2/π

∫Qmax
Qmin

Q[S(Q)-1]sin(Qr)M(Q)dQ, where M(Q)
represents the modification function, typically the Lorch function for
neutron data. We employed the conventional Lorch function, defined as
ML(Q) = (Qmax /πQ)sin (πQ /Qmax) if Q ≤ Qmax and 0 elsewhere [41], as

shown in Fig. S4(a) for Qmax = 25.0 Å
− 1

.
For magnetic PDF fits, as shown by the solid blue curves offset below

in Fig. S4(b) and (c) for raw and modified data, respectively, the
application of the Lorch function does not quite affect the mPDF struc-
tural refinement results, as indicated by the similar mPDF fits. This is
because the Lorch window with Qmax = 25.0 Å

− 1
has little impact on

non-deconvoluted mPDF patterns, i.e., dmag(r) in Eqn. (6), with the fast
dampening squared magnetic form factor of Mn2+, which is primarily
limited within low Q [23]. However, for atomic PDF fits, applying the
Lorch function may help improve the structural refinements by sup-
pressing the effects of statistical or systematic errors in the scattering
data at high Q, thereby reducing high-frequency ripples in the PDF.
Nevertheless, this improvement comes at the cost of reduced real-space
resolution and the possible loss of physically meaningful information.
Therefore, the application of Lorch functions has little impact on mPDF
local magnetic structural modeling as long as a sufficiently large Qmax is
achieved in the experiment.

3.5. Data acquisition

In addition, the mPDF method is applied to study the other magnetic
system, the altermagnetic MnTe material, which has recently received
attention in both basic research and energy application, including the
fields of condensed matter physics and thermoelectrics [36,52]. In
MnTe, the Mn2+ magnetic moments in MnTe form antiferromagnetic

ordering below the Néel temperature (TN ≈ 307 K) with the hexagonal
NiAs structure type [45,53]. Specifically, the spins align ferromagneti-
cally within hexagonal ab planes and antiferromagnetically between
planes along the crystallographic c axis [45]. The magnetic structure is
visualized in Fig. S5. The paramagnon drag in MnTe represents a state
where short-range magnetic correlations persist across the
antiferromagnetic-paramagnetic phase transition, despite the absence of
long-range magnetic order. A real-space direct observation of such
short-range antiferromagnetic correlations by the mPDF method would
enable a more comprehensive understanding of the underlying physical
mechanism.

To benchmark the measurement time required for collecting satis-
factory mPDF data, different data acquisition time was benchmarked for
MnTe ranging from 2 to 8 h with a 2-h step, as shown in Fig. 4(a) for the
data at 20 K. The mPDF refinement results (Fig. 4 and Table S3) are
nearly identical for data collected from 2 h to 8 h. Owing to the high flux
available at the MPI (which would be further increased in the future
facility upgrade plan), high-quality mPDF data of this magnetic system
can be obtained within as little as 2 h.

Interestingly, in the regime of long-range paramagnetic phase at high
temperature (400 K), which is well above its Néel temperature, the
mPDF fit shows a local antiferromagnetic state in MnTe, with a magnetic
correlation length of less than 1 nm, indicated by the antiferromagnetic
mPDF signals at low-r in Fig. 4(d). The detailed mPDF refinement results
of MnTe data at 400 K can be found in Table S4. As revealed by mPDF
analysis, the significant short-range magnetic correlations exist in the
paramagnetic state above the Néel temperature, i.e., the paramagnons,
which could change the transport properties of materials. For MnTe, the
paramagnon drag effect enhances the thermopower, making it a prom-
ising thermoelectric material candidate [36,37]. Therefore, the mPDF
method is suitable for obtaining the short-range magnetic ordering in-
formation at the sub-nanometer length scale, which is often veiled in the
long-range average structure from a conventional neutron diffraction
experiment.

The neutron total scattering experiment for mPDF analysis would be

Fig. 4. (a) The experimental PDF of MnTe at 20 K collected in different exposure time. (b) and (c): The mPDF fits for MnTe data at 20 K (b) collected in 2 h and (c) 8
h. (d) The mPDF fits for MnTe data at 400 K.
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promising in unveiling the intricate secrets of complex magnetic sys-
tems. Taking the non-colinear kagome magnetic structures in quantum
spin liquids as an example, these structures pose significant challenges
for conventional diffraction characterizations. However, the mPDF
method can assist in directly revealing the complicated magnetic con-
figurations in real space. The simulated mPDF pattern for a Mn2+

kagome lattice is displayed in Fig. S6, which is calculated using the same
instrument resolution parameters of MPI. The geometrically frustrated
magnetic structure can be well described by the short-range real-space
magnetic correlations. Noteworthily, analogous to atomic PDF, mPDF is
suitable for characterizing materials without long-range magnetic
ordering. Therefore, MPI is promising for characterizing complicated
magnetic alignments such as spin glasses and spin liquids in real space in
the future.

4. Conclusion

The magnetic pair distribution function (mPDF) method offers
valuable insights into short-range magnetic correlations at the sub-
nanometer length scale in real space, which is complementary to the
average structure information obtained through conventional neutron
diffraction. We carried out experiments to characterize the short-range
local magnetic structure at the MPI instrument at CSNS, which is one
of the newest neutron time-of-flight total scattering diffractometers. We
measured the antiferromagnetic MnO and the altermagnetic candidate
MnTe samples, providing a systematic benchmark for experiment and
data processing parameters required for mPDF data collection, including
exposure time, Qmax, and data smooth modifications. Through detailed
local structure refinements, we confirmed the feasibility of collecting
high-quality mPDF data at the MPI. In the future, it would be highly
motivated to expand the application of the mPDF methodology to study
more challenging magnetic systems, providing unique local magnetic
structure information in the frontiers of condensed matter physics.
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