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ABSTRACT

Short-Range Magnetic Correlations, Spontaneous Magnetovolume Effect, and Local Distortion in
Magnetic Semiconductor MnTe

Raju Baral
Department of Physics and Astronomy, BYU

Doctor of Philosophy

The antiferromagnetic semiconductor MnTe has recently attracted significant interest as a
potential high-performance thermoelectric material. Its promising thermoelectric properties are
due in large part to short-range magnetic correlations in the paramagnetic state, which enhance
the thermopower through the paramagnon drag effect. Using magnetic pair distribution function
(mPDF) analysis of neutron total scattering data, we present a detailed, real-space picture of
the short-range magnetic correlation in MnTe, offering a deeper view into the paramagnon drag
effect and the nature of the correlated paramagnetic state. We confirm the presence of nanometer-
scale antiferromagnetic correlations far into the paramagnetic state, show the evolution of the
local magnetic order parameter across the Néel temperature TN = 307K, and discover a spatially
anisotropic magnetic correlation length. By combing our mPDF analysis with traditional atomic
PDF analysis, we also gain detailed knowledge of the magnetostructural response in MnTe. We
observed a spontaneous volume contraction of nearly 1%, the largest spontaneous magnetovolume
effect reported so far for any antiferromagnetic system. The lattice strain scales linearly with the
local magnetic order parameter, in contrast to the quadratic scaling observed for the conventional
magnetostriction properties of this technologically relevant material. Using neutron and X-ray PDF
analysis, we also investigated the local distortion on MnTe and Mn-based systems, MnS and MnO
as a function of temperature. Such local distortion on MnTe increases with the rise in temperature
and becomes more pronounced at 500 K.

Keywords: atomic pair distribution function, magnetic pair distribution function, thermoelectric
effect, paramagnon drag, antiferromagnetism, short-range magnetism, local structure, magnetostruc-
tural coupling, emphanisis
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Chapter 1

Local magnetic correlations, thermoelectrics

and paramagnon drag effect

1.1 Introduction

The functional properties of many technologically useful materials depend crucially on their local

structure. Local structure refers to the atomic and magnetic correlation on a local length scale from

one to several interatomic distances. For many materials, local structure correlations are different

from the average structure, and it is very important to understand those local structures along with

the average long-range structures to understand the many exotic properties of the materials if we

want to develop technologically functional devices. Fig. 1.1 represents the schematic illustration

of local ferroelectric correlations that are well-defined over short-length scales but average to zero

over longer-length scales, rendering them undetectable with conventional probes of the average

structure [1]. Although this example is for locally correlated atomic displacements that give

rise to short-range ferroelectricity, similar behavior can be observed in numerous other types of

structural and magnetic correlations in materials. Therefore, the understanding and exploiting of

1



1.2 Average and local structure 2

many materials depend on characterizing not only the average periodic structure but also the local

structures (which often deviates from the average structure).

Figure 1.1 Local magnetic structures of ferroelectric domains. Figure adapted from [1].

1.2 Average and local structure

Bragg’s law is widespread in the world of crystallography and is the fundamental foundation of

diffraction experiments for structure determination. Bragg peaks observed in a diffraction pattern

provide information about the average or global structure of the material, such as the average

position, displacement, and occupancy of atoms in the unit cell. However, Bragg scattering is blind

to short-range correlations that may deviate from the average structure, and yet it is precisely the

local-level correlations that are most directly related to the interactions present in the material.

Additionally, Bragg’s law is based on the periodicity of the structure and cannot be applied if the

crystal is not periodic, for example, in liquid and glass materials. Bragg’s law likewise requires

modification if the material has a very small particle size, for instance, a nanoparticle or bulk material



1.3 Short-range and long-range magnetic correlations 3

having a structure of few nanometers. Many materials like colossal magnetoresistive manganites,

high-temperature superconductors, and ferroelectric materials have a complex structures due to

their competing internal forces [9]. Such materials can have well-defined structural correlations on

a local scale of about 1 to 100 nanometers, which we call the local structure, which nevertheless

averages away to zero over longer length scales. Local structure is commonly observed in disordered

materials where the material has defects or correlated disorder on the local scale and is not reflected

in long-range crystallography. Similarly, amorphous solids, polymers, and nanostructures also have

well-defined local structures while lacking long-range periodicity. Our understanding of the local

structure on the atomic level can provide us with a fundamental understanding of many functional

materials and how they work, making the study of local structure a crucial counterpart to studies

of the average structure. Since conventional diffraction analysis of Bragg peaks is not sensitive to

short-range correlations comprising the local structure, alternative techniques must be used. The

technique of choice for this project is pair distribution function (PDF) analysis, which will be

explained in detail later.

1.3 Short-range and long-range magnetic correlations

Figure 1.2 (a) Long-range and (b) short-range magnetic structure.
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While the general notion of the structure of a solid is typically considered in terms of the atomic

structure of materials, i.e. the spatial arrangement of the atoms comprising the solid, other important

components of the overall structure may also be present. For example, in materials containing atoms

with unpaired electrons, magnetic moments will be present in the solid, leading to the idea of the

magnetic structure. Magnetic structure refers to the spatial arrangement of the relative orientation

of the magnetic moments in the solid. As with atomic structure, the magnetic structure can have a

long-range, periodic component as well as short-range correlations that average to zero over a long

distance. Fig. 1.2 (a) shows a schematic illustration of long-range magnetic correlations, called as

such because there is a well-defined pattern of relative orientations over a very long distance. This

is a long-range antiferromagnetic magnetic structure because it has up-and-down alternating spins

over very long distances. Due to the long-range periodicity of the magnetic arrangement, the spin

correlation function for such long-range magnetic order is non-zero,

lim
r→∞

⟨S0 ·Si⟩(r) ̸= 0. (1.1)

This is something that we expect for the long-range magnetic order. Any arbitrary spin at the origin

(S0) has a well-defined correlation with other spins Si in the lattice. For example, referring to Fig.

1.2 (a), one can choose any arbitrary spin at the origin, and it forms an antiferromagnetic alignment

with its first neighbor spins, whereas it makes ferromagnetic alignment with the second nearest

spins, and again antiferromagnetic alignment with third spins, and so on. Such magnetic correlations

exist for a very long distance in the case of a long-range magnetic system (infinitely long for an

infinite crystal), and the average magnetic spin correlation for such a magnetic structure is non-zero.

In contrast, short-range magnetic correlations remain well defined and nonzero only over a

finite separation distance, for example only a few inter-atomic spacing. A schematic picture of

short-range-correlated magnetic moments in a small region of the material is shown in Fig. 1.2 (b).

At first glance, it might look completely random but when looking in the center, there is a clear net

preference for antiferromagnetic alignment over short distances. As we go further away, the spins
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look more and more random and are less and less correlated. This type of magnetic correlation is

called short-range magnetic correlation, where the spins are partially well-defined only to a few

atoms and appear completely random at longer distances. The average spin correlation function for

such a magnetic system is zero for long distances (r → ∞),

lim
r→∞

⟨S0 ·Si⟩(r) = 0. (1.2)

However, we can still use the average spin correlation function to quantify how ordered two spins

are with each other. It has been found that the local spin correlation function for short-range order

die exponentially with inter-atomic distances,

⟨S0 ·Si⟩(r)∼ e−r/ξ (1.3)

Here, r represents the inter-atomic distance and ξ is an exponential correlation length of these

spins. This thesis focuses on the study and visualization of such type of magnetism, i.e., short-range

magnetic order.

1.4 Thermoelectricity, the thermoelectric figure of merit, and

paramagnon drag

Thermoelectric materials hold tremendous promise for energy applications. Such materials utilize

a temperature gradient to induce an electrical voltage through the diffusion of charge carriers in

response to the thermal gradient. For example, thermoelectric devices can use exhausted heat from

vehicles or industries to obtain electricity and can provide novel possibilities for thermal energy

harvesting or solid-state refrigeration [10–12]. But the recent challenge in the field of thermoelectrics

is to find new materials or design existing materials that possess excellent thermoelectric properties,

while also being economically and environmentally viable. The performance of a thermoelectric
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material depends directly on the dimensionless thermoelectric figure of merit (zT ) given by

zT =
S2T
ρκ

, (1.4)

where ρ is the electrical resistivity, S is the Seebeck coefficient (i.e., thermopower), T is temperature,

and κ is the thermal conductivity. It should be noted that the value of S, ρ , and κ depends on

temperature. By referring to equation 1.4, we can enhance the value of zT by lowering the values of

ρ , and κ . However, it is extremely difficult to optimize both of them simultaneously for any material

as they are interrelated in such a way that lowering the value of ρ will typically increase the value

of κ , thus canceling out the overall effect in the thermoelectric figure of merit (zT ). Hence, there

is a relative scarcity of high-performance thermoelectrics. Significant effort has been dedicated to

finding ways around the counteracting tendencies of the resistivity and thermal conductivity, e.g.

through defect engineering or nanostructuring [13]. However, it remains an outstanding challenge

to find thermoelectric materials suitable for widespread use.

One rather less-explored route toward higher zT values is to exploit the magnetic degree of

freedom in metals and semiconductors with unpaired electrons. An example of this is magnon

drag, wherein a flux of magnons (i.e. spin waves, or thermal excitations of the long-range magnetic

ordering pattern) drags charge carriers through the lattice via exchange of linear momentum as

shown in a Fig. 1.3, thereby enhancing the thermopower [14–16]. The requirement to have long-

range magnetic order that supports well-defined magnons would appear to limit the applicability

of magnon drag, particularly since magnetic order is typically weakened at high temperatures,

where thermoelectric devices are most likely to be useful. However, it was recently shown that

the thermopower can be enhanced even by short-range magnetic correlations, rather than true

long-range order, through “paramagnon drag” [3, 17]. Analogous to magnons, paramagnons are

thermal excitations in a partly correlated paramagnetic state, i.e. a state where the magnetic

moments maintain short-range correlations even in the absence of long-range magnetic order. If

the local magnetic correlations have a sufficiently long length and lifetime, paramagnons will look
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Figure 1.3 Magnon and paramagnon drag effect while transporting the electrons through
the material. (Figure adapted from [2])

like magnons on the time- and length-scales of their interactions with itinerant charge carriers,

allowing a paramagnon flux to enhance the thermopower in like fashion as magnon drag. Thus,

magnetic enhancement of zT through drag effects is much more widely applicable than initially

supposed, encompassing not only the relatively few materials with a well-ordered magnetic state at

very high temperatures but also the class of materials with lower-temperature magnetic transitions

that nevertheless retain significant short-range magnetic correlations to elevated temperatures,

e.g., as afforded by large exchange interactions. Therefore, the discovery of paramagnon drag

constitutes an important advancement in the field of thermoelectrics. It opens up a new tuning

mechanism to enhance zT and turns the broad class of magnetic semiconductors into potential

high-performance thermoelectric candidates. Large portions of this dissertation are focused on

gaining an understanding of the short-range magnetic correlations giving rise to paramagnon drag

in the antiferromagnetic semiconductor MnTe.
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1.5 MnTe

MnTe is a layered hexagonal system with an electronic band gap of 1.3 eV. This compound has

attracted significant interest since 1960s [18]due to its unusual combination of physical properties

and its potential applications to technology. MnTe is one of the few 3d transition metal binary

compounds that exhibits semiconducting transport properties [19]. The Mn2+ (S = 5/2) magnetic

moments in MnTe order antiferromagnetically below TN = 307 K [20], such that the spins align fer-

romagnetically within hexagonal sheets(along ab plane) and antiferromagnetically between sheets

(along c - axis) [21] as shown in Fig. 1.4 (a). This property of MnTe has received particular enthu-

siasm in recent years due to intense excitement surrounding the application of antiferromagnetic

semiconductors for spintronics [22–24].

Most relevant to this project, MnTe also possesses a sizeable thermoelectric response at elevated

temperatures, adding to the technological importance of MnTe [19]. From a more fundamental

perspective, MnTe has also attracted interest as a “crossroads” material [25, 26] because it shares

characteristics of both strongly correlated Mott or charge-transfer insulators (e.g., narrow d bands)

and also weakly correlated band insulators (e.g., the significant overlap of p and d orbitals), giving

rise to rich and varied electronic and magnetic properties. Interestingly, the antiferromagnetism

of MnTe appears to be closely tied to its thermoelectric behavior, and this is evidenced by a large

response of the resistivity and Seebeck coefficient to the antiferromagnetic transition [21].

Returning to the thermoelectric properties of MnTe, it displays outstanding zT values when

lightly doped with Li, Na, or Ag, approaching 1 around 800 -900 K [3, 19, 27, 28]. Fig. 1.4

(b) represents the variation of thermoelectric figure of merit for Li-doped MnTe as a function of

temperature and there is clear evidence that with a very small amount of doping on MnTe effectively

increases the value of zT at elevated temperature.

A recent study on Li-doped MnTe using inelastic neutron scattering techniques provides strong

evidence that paramagnon drag is primarily responsible for the large zT value in doped MnTe [3]. In
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fact, calculations have indicated that the observed zT is approximately a factor of 3 larger than the

expected value if spin effects were absent [29]. The diffuse neutron scattering intensity observed in

the paramagnetic state at 360 K, shown by the green diffuse intensity in Fig. 1.4 (c), is clear evidence

of short-range magnetic correlations persisting above the long-range magnetic ordering temperature

of 307 K. It has been argued that these short-range magnetic correlations have a sufficiently long

lifetime and correlation length to trigger the paramagnon drag effect on MnTe [3].

The Paramagnon drag effect has been observed only in a small handful of materials [17],

of which MnTe is the most prominent. Significantly, it has been shown to be relevant for both

ferromagnets and antiferromagnets, which broadens its potential impact on the search for high-

performance thermoelectrics [17]. However, paramagnon drag is still a relatively new phenomenon,

and much remains to be understood regarding the fundamentals of this effect and how it can be

most effectively utilized to identify or engineer promising thermoelectric materials. The proper

understanding of the short-range magnetic correlations giving rise to paramagnon drag in MnTe

and other thermoelectric materials is a crucial next step for progress in this field. So far, there is

little work that directly investigates the nature of the short-range magnetic correlations in MnTe and

other thermoelectric materials.

The experimental investigation of MnTe has been limited to bulk probes that are sensitive

to the average structure and properties, such as conventional X-ray/neutron scattering, resistivity,

magnetization, and thermodynamic measurements. However, in both thermoelectrics and spintronics

materials like doped magnetic semiconductors, the local structure plays an important role in

understanding material performance. In thermoelectrics, point defects and other forms of the

nanoscale disorder can have a tremendous influence on thermal conductivity, significantly affecting

the value of zT [30]. In magnetic semiconductors, the effect of dopants on their local environment

in the host material can determine the effectiveness of magnetic coupling between neighboring

moments [31]. Therefore, the experimental techniques that can probe local atomic and magnetic
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Figure 1.4 (a) Crystal structure of MnTe with moments. Blue and red spheres represent
Mn and Te atoms respectively. (b) Variation of thermoelectric figure of merit(zT ) as a
function of the temperature of Li-doped MnTe (c) Inelastic scattering of MnTe at 360 K.
Figure (b) and (c) are adapted from [3]

structures are necessary for advancing our understanding of MnTe.

In this thesis, I will use neutron and X-ray total scattering techniques, which are powerful

probes of local structure, to study pure MnTe and Na-doped MnTe, using both one-dimensional

(1D) and three-dimensional (3D) magnetic pair distribution function [6, 32–34] analysis. I will

analyze real-space reconstructions of short-range antiferromagnetic correlations above the transition

temperature to better understand paramagnon effects in pure MnTe and Na-doped MnTe. Using

both atomic and magnetic pair distribution function (PDF and mPDF) data collected over a wide
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temperature range, I will present a detailed picture of the evolution of the local atomic and magnetic

structure of MnTe. Key results include quantitative characterization of the short-range magnetic

correlations in the paramagnetic state above the transition temperature, observation of large and

unconventional magnetostructural coupling across the magnetic transition, and analysis of a large

and highly localized short-range distortion in pure and doped MnTe that grows with temperature.

Along with neutron total scattering, I will highlight results of ab initio calculations of the magnetic

correlations to achieve a comprehensive picture of the short-range AF correlations underlying the

paramagnon drag effect in MnTe.

1.6 Outline of this thesis

The outline of this thesis is as follows. In Chapter 2, I will introduce atomic and magnetic pair

distribution function (PDF) techniques, including one-dimensional and three-dimensional PDF

analysis. In Chapter 3, I will introduce the experimental preparation details of the pure MnTe and

2% Na-doped MnTe, laboratory X-ray diffraction, and magnetic characterization of these materials.

In Chapter 4, I will present the short-range magnetic correlations and paramagnon drag effect on

these materials. In Chapter 5, I will discuss the magnetostructural and magnetovolume effects and

in the last Chapter 6, I will present the local distortion of MnTe.



Chapter 2

Methods

2.1 Scattering

Scattering refers to the collision of particles (neutrons, electrons, photons, etc) with atoms or

molecules. In diffraction experiments, the sample is illuminated by the beam of X-rays/neutrons,

and we measure the intensity of the diffracted beam as a function of momentum transfer of the

incident particles, which can be determined from the scattering angle (2θ ) and the wavelength [32].

The scattered beam contains lots of information about the material, such as its atomic/nuclear

structure (i.e. the spatial arrangement of the atoms) and magnetic structure (i.e. the spatial

arrangement and orientation of the magnetic moments). Here, our purpose is to analyze the total

scattering intensity to study local atomic and magnetic structure of the material of interest. The total

scattering intensity is composed of several factors, including coherent (Icoh) and incoherent (Iincoh)

intensity, multiple scattering (IM) intensity, and background intensity (IB).

Itotal = Icoh + Iincoh + IB + IM (2.1)

Multiple scattering can occur within the sample, whereas the sample holder, air, etc are responsible

for the Background intensity. The background intensity can be measured as the observed intensity
12
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Figure 2.1 The geometry of neutron scattering experiment (Marshall and Lovesey 1971;
Squires 1978).

without the sample inside the sample holder. The common causes of incoherent intensity are

Compton scattering (for X-ray beams) and nuclear spin scattering (for neutron beams). All the

informations about the structure and lattice dynamics are contained in the coherent scattering

intensity. The coherent scattering intensity can further be expressed using scattering cross-section

(dσc
dΩ

) as

Ic = APC
dσc

dΩ
(2.2)

where A, P, and C represent the absorption factor, polarization factor, and normalization factor,

respectively [32]. To have a better understanding of scattering, I now present the basic theory of

neutron scattering.

2.2 Basic theory of neutron scattering

Neutrons are uncharged particles that can interact with nuclei of any material through a strong

nuclear force. The interaction of neutrons with the nuclei and the magnetic moments in the material

can provide a lot of information about the nuclear and magnetic structure of the material. During
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neutron scattering experiments, the incident neutrons interact primarily with nuclei and get scattered.

If the material is magnetic, neutrons also get scattered from the magnetic moments.

A geometrical diagram of neutron scattering is shown in Fig. 2.1. Let the incident neutron have

wave-vector k and state vector ψk. After scattering, the wave-vector is k′ and state vector is ψk′ ,

respectively. The scattering vector is represented by Q and is given Q = k−k′. The scattered flux

of neutrons detected by the detector of the angular element dΩ(= sinθ∆θ∆φ) is given by

I(θ ,φ) = N
dσ

dΩ
dΩ, (2.3)

where N is the incident neutron flux (neutrons per second per unit area), dσ/dΩ is the differential

scattering cross-section and (θ ,φ) are the polar coordinates of the position of the detector. In

a neutron scattering experiment, we measure the differential cross-section as a function of the

direction of scattered particles or, equivalently, the momentum transfer ( h̄Q ) [35].

Let us assume elastic scattering where the energy of the incident neutron is equal to the scattered

neutron. For any scattering experiment, we need to calculate the differential cross-section, and the

calculation of the differential cross-section is done by using Fermi’s Golden Rule, which gives the

probability per unit time of transition from a state defined by wave-vector k to the state defined by

wave-vector k′, both having same energy E = h̄2

2m . Fermi’s Golden Rule can be written as,

Wk→k′ =
2π

h̄

∣∣∣∣∫ drψ
∗
k′V̂ ψk

∣∣∣∣2 ρk′(E). (2.4)

Where V̂ is the interaction potential that causes the transition i.e., the interaction between the

incident neutron and the target sample, and ρk′(E) represent the density of final scattering states

per unit energy range. For the material contained in a volume L3, the initial and final states are

represented by

ψk =
1

L3/2 e(ik.r) (2.5)

and

ψk′ =
1

L3/2 e(ik
′.r). (2.6)
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The density of the final states is given by

ρk′(E) =

(
L

2π

)3 dk′

dE
. (2.7)

For elastic scattering,

dk′ = k′2dΩdk′ = k2dΩdk. (2.8)

Additionally,

E =h̄2k2/2m (2.9)

and

dE =
h̄2k
m

dk (2.10)

This gives

ρk′(E) =

(
L

2π

)3 mk
h̄2 dΩ. (2.11)

Now, we need to determine the incident flux of neutrons to calculate the differential cross-section.

Incident flux = (velocity of neutrons)/L3 =
h̄k

mL3 . (2.12)

Combining Equations 2.4, 2.11, and 2.12, we get

dσ

dΩ
= L6

( m
2πh̄2

)2
∣∣∣∣∫ drψ

∗
k′V̂ ψk

∣∣∣∣2 dΩ. (2.13)

dσ

dΩ
= |⟨k|V̂ |k′⟩|2 (2.14)

The simplified equation 2.14 is obtained after using the notation, ( L3m
2πh̄2 )

∫
drψ∗

k′V̂ ψk = ⟨k|V̂ |k′⟩.

The equation 2.14 further can be written as a function of scattering amplitude ( f (Q)) as follows,

dσ

dΩ
= | f (Q)|2 (2.15)

The scattering amplitude ( f (Q)) provides the probability that the particles can be deflected/scattered

in a certain direction and the rate of scattering is directly proportional to the incident flux of the

particles [35].
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2.3 Scattering length

The scattering length for the neutron is invariant with respect to the scattering angle and wavelength,

so we can write it as

f (Q) =−b. (2.16)

The term b is called scattering length and is a complex quantity. The imaginary part is responsible

for the absorption of the neutron, but for the very small absorption of the neutron, we can treat

b as a real quantity. The negative sign in the above equation is just a matter of convention. The

magnitude of b gives the strength of the scattering and its sign indicates whether the interaction

between the nucleus and incident neutron is repulsive (positive b) or attractive (negative b). The

value of scattering length can also vary with the isotope of the same element as well but does not

vary with the atomic number in a monotonic way [36]. The typical value of scattering lengths for

Mn and Te is -3.73(2) fm and 5.80(3) fm respectively [37].

2.4 Scattering through the assembly of nuclei

For the neutron scattering of the assembly of atoms the mean scattering potential (also called as

pseudopotential) for the nucleus at position ri is given by,

V̂ =
2πh̄2

m
biδ (r− ri), (2.17)

We call it pseudopotential because it is not a real potential experienced by the neutrons near the

nucleus instead it satisfies the requirement of the Born approximation for isotropic scattering [35],

⟨k|V̂ |k′⟩= 2πh̄2

m
bi

∫
dre(−ik′ ·r)

δ (r− ri)e(ik·r) (2.18)

=
2πh̄2

m
bi

∫
e(i(k−k′

)·ri) (2.19)

=
2πh̄2

m
bi e(iQ·ri) (2.20)
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Thus for the coherent scattering, the equation 2.14 reduces to:

dσ

dΩ
=

∣∣∣∣∣∑i
bie(iQ·ri)

∣∣∣∣∣
2

(2.21)

= ∑
i, j

bib je(iQ·(ri−r j)) (2.22)

= ∑
i, j

bib j e(iQ·(ri j)) (2.23)

This equation shows the relation between differential cross-section with interatomic correlations

due to the appearance of term ri j in phase factor.

2.5 Coherent and Incoherent neutron scattering

Different isotopes of the same element have different nuclear scattering lengths. As a result neutron

scattering patterns typically include a flat background of scattering known as incoherent scattering.

However, neutron scattering completely depends on σ and b of the scattering material. If the

scattering sample is composed of the atoms of same species, the neutrons are scattered in the same

way and this type of scattering is called coherent scattering. If the scattering sample is composed of

dissimilar atoms, they have a mixture of scattering centers. Such mixtures of scattering can lead to

randomness in the scattered neutrons because all the atoms cannot respond to the neutrons in an

identical way. We may lose the constructive interference in the scattering pattern and this leads to

incoherent neutron diffraction [38]. The total differential cross-section can be written as the sum of

coherent and incoherent differential cross-section;

dσ

dΩ
= (

dσ

dΩ
)coherent +(

dσ

dΩ
)incoherent
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2.6 Pair distribution function (PDF)

Pair distribution function (PDF) analysis of total scattering data is one of the foremost techniques

for studying the local structure of materials. It is referred to as a total scattering technique because it

considers both Bragg scattering (from the long-range, average structure) and diffuse scattering (from

short-range, local structure) [9]. One of the important benefits of PDF analysis is that it can extract

the structural information contained in the diffuse scattering in a direct and intuitive way through

the Fourier transform of the total scattering data. Diffuse scattering provides important information

on the local deviation of the structure from the average structure, but it takes the form of broad and

diffuse patterns in reciprocal space which are often difficult to analyze. PDF is a technique that can

be used to study such diffuse patterns directly in real space. The PDF is related to the probability of

finding an atom with respect to another atom at a given distance r. It can be thought of as a map of

inter-atomic distances in the material. By analyzing the PDF data on different length scales, one

can obtain detailed information on the nano-scale as well as the average long-range structure of

materials in an intuitive, real-space format.

The PDF is obtained experimentally by Fourier transforming the normalized total scattering

pattern (including both Bragg and diffuse scattering), yielding the atom-atom and, if magnetic

scattering is present, the spin-spin pair correlation functions in real space. This is expressed by the

integral

f (r) =
2
π

∫
∞

0
Q(S(Q)−1)sinQr dQ (2.24)

where h̄Q is the magnitude of the change in momentum experienced by the scattered neutrons or

X-rays, S(Q) is the total scattering structure-function (essentially the scattered intensity normalized

by the average scattering length of the sample), and r is real-space distance.

For an arbitrary arrangement of atoms, the neutron scattering structure-function is given by

S(Q) = 1+
1

N < b >2 ∑
i ̸= j

bib j(
sinQri j

Qri j
) (2.25)
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where N is the number of atoms, bi is the neutron scattering length of atom i, < b > is an

average scattering length of all the atoms in the sample, and ri j is the distance between atom i and j.

Using this expression for S(Q) and substituting it into equation (2.24) (detail of the expression

can be found on [32]), we get,

f (r) =
1

N < b >2 ∑
i̸= j

(
1
r

bib jδ (r− ri j)

)
. (2.26)

This expression can be used to calculate the atomic PDF for an arbitrary structure [32], e.g. for

comparison to the experimental data obtained through equation 2.24.

Figure 2.2 An example PDF pattern in real space. (Figure adapted from [4])

A typical PDF pattern in a real space is shown in figure 2.2. Peaks appear at atom-atom pair

distances, which means the position of the peak gives us the average atom-atom bond length. For

example, the first nearest atom’s average bond length is about 1.42 Å, the second nearest atom’s

average bond distance is about 2.46 Å, and so on. Similarly, the area covered by the peak (the

integrated intensity under the peak) gives us the coordination number. The peak width can also
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provide the dynamic or static disorder of atom-atom pairs. For instance, the peak width as a function

of temperature gives us information on the Debye temperature of a bond whereas the peak width as a

function of atom-atom separation distance gives us information on correlated atomic dynamics. So,

we can extract a lot of direct information just by observing the PDF pattern in real space. Additional

details can be found in [32].

2.7 Experimental setup for total neutron scattering

The neutron total scattering experiments for this project were conducted primarily at the NOMAD

beamline at the Spallation Neutron Source (SNS). Neutrons are produced at SNS through the

collision of highly accelerated protons with heavy nuclei in a target (typically mercury). The

neutrons produced in this process are slowed down via decoupled hydrogen moderator with an

active surface area of 120 cm2. These neutrons are then transported over the first 7 m through a

system of fixed tapered Boron Nitride apertures, and from 7 m to 18.5 m, neutrons are transported

through a super-mirror guide system, which is designed to increase the neutron flux. The last 2 m

are mounted in an optic carousel and are hence removable. These neutrons finally fall on the sample

mounted on the sample position which is surrounded by 3He linear position-sensitive detectors to

collect the scattered beam intensities [5]. The cut-away diagram of the NOMAD beamline is shown

in Fig. 2.3.

Before proceeding to the experiment, we collect data from an empty sample container for the

background subtraction. Then the powder sample is loaded in a vanadium can or quartz glass tube

and is mounted on the sample position for the total neutron diffraction experiment at different

temperatures. For our experiment at NOMAD, we used two different sample environments, a

cryostat (2 K - 300 K) and a Nitrogen flow cryostream (100 K - 500 K). Once we get the data for

our sample we always do the background subtraction using the data of the empty sample container.
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Figure 2.3 Cut-away overview diagram of NOMAD beamline. (Figure adapted from [5])

Temperature-dependent neutron total scattering experiments were performed on powder pure

MnTe as well as Na-doped MnTe at the Nano Scale-Ordered Material Diffractometer (NOMAD) at

the Spallation Neutron Source (SNS) of Oak Ridge National Laboratory (ORNL) [5]. The powder

samples were loaded in quartz capillaries inside an argon glove box. The total scattering patterns

were collected at several temperatures between 100 K to 500 K. The total neutron scattering data

were reduced and transformed with Qmax = 25 Å−1 using the automatic data reduction scripts at

NOMAD. The atomic and magnetic PDF analyses were performed using the DIFFPY suite [39]

together with the diffpy.mpdf package for the mPDF calculations and fits. Additional descriptions

of the mPDF technique and analysis are provided in Chapter 3, including details about how we

account for the magnetic form factor.

Similarly, single crystal neutron diffraction patterns were collected at various temperatures on

the CORELLI instrument [40] at the SNS using neutrons with incident energies between 10 and
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200 meV. The crystal was oriented such that the H0L reciprocal space plane coincided with the

horizontal scattering plane. At each temperature, the sample was rotated 360◦ around the vertical

axis in steps of 3◦, with data collected for 3 minutes at each angle. The data were merged together

and symmetrized using Mantid [41]. The diffuse magnetic scattering above TN was isolated by

subtracting the diffraction data collected around 300 K from the higher-temperature data sets, with

the KAREN algorithm [42] as implemented in Mantid used to fill in sharp negative holes in the

data resulting from the subtraction of the magnetic Bragg peaks. The 3D-∆mPDF patterns were

generated via three-dimensional Fourier transformation of the scattering data in Mantid using the

DeltaPDF3D module [43].

X-ray PDF data were collected at beamline 28-ID-1 at Brookheaven National Laboratory,

National Synchrotron Light Source-II. The experimental setup is similar to neutron scattering at

NOMAD except the detector uses is an amorphous silicon area detector placed at 20 cm away from

the sample. The X-ray wavelength is typically about 0.19 Å. The X-ray PDF data for both pure and

Na-doped MnTe were collected at various temperature grid from 5 K to 500 K with temperature

step of 5 K. The X-ray data were reduced using xPDF suite software [44].

2.8 PDF data reduction and data analysis

Data reduction is the process during which we convert the raw scattering data from the experiment

into PDF data that we can use for analysis and modeling. I will discuss the data reduction process

done in the neutron time of flight experiments, such as at NOMAD. Data reduction at NOMAD is

done by using a software called Addie [45]. The software is capable to perform normalization of

the scattered data using the neutron scattering length of elements present in the sample, background

subtraction using the measured background from the empty sample container, and additional

corrections for inelasticity. Then the Fourier transform is done on the reduced scattering data after
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choosing an appropriate value for the maximum Q value to include in the transform, which is

typically between 25 and 35 Å−1. The Fourier transformed corrected data is then our experimental

PDF data.

Once we get the experimental PDF data, we can use a python based software called PDFgui [46]

to extract the information from PDF data. We can load our PDF data and structural model into

PDFgui which then can refine the lattice parameters and other structural parameters using a least-

squares minimization to refine the model, where the calculated PDF matches closely as possible

with the PDF data. Once the data is refined using the PDFgui software we get refined structure,

lattice parameters, atomic positions, atomic displacement parameters, etc. We also use the python

package diffpy.srfit to perform more flexible and automated fitting on PDF data.

2.9 Magnetic scattering and magnetic form factor

Neutrons are chargeless particles with spin-1/2. Each neutron carries a magnetic moment and

behaves like a tiny bar magnet which makes it possible to study and analyze the magnetic structure

of materials. The interaction of the neutron’s spin with the unpaired electron of the material gives

rise to magnetism in the material. so, we can use the neutron scattering technique to determine

the spin configuration as well as the magnetic structure of any material. The scattered intensity of

the magnetic material is composed of various intensities arising from spin-spin (IM), spin-nucleus

(IS−N), and nucleus-nucleus (IN−N) interference functions, i.e.

Itotal = IM + IS−N + IN . (2.27)

The magnetic scattering intensity in terms of magnetic structure function (SM(Q)) is,

IM(Q) = f 2
M(Q)SM(Q) (2.28)

Here, fM(Q) represents the magnetic form factor, which is the Fourier transform of the spin
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Figure 2.4 Comparison of neutron and X-ray form factor of Mn2+ (Bacon 1975).

density distribution function of an atom [32]. The magnetic form factor of Mn falls quickly in

comparison to the X-ray form factor, as shown in Figure 2.3.

The magnetic differential scattering cross-section is given by [Lovesey, 1984b],

dσ

dΩ
=

∣∣∣∣∣∑i
γnr0 fmi(Q)exp(iQ · ri)Si

∣∣∣∣∣
2

(2.29)

dσ

dΩ
= (γnr0)

2
∑
i, j

fmi(Q) fm j(Q)exp(iQ · (ri − r j))S⊥i.S⊥ j (2.30)

Here γn is the neutron gyromagnetic ratio, r0 is the classical electron radius, S⊥ represents the

component of the magnetic moment perpendicular to the scattering vector Q, and the fmi(Q) is the

magnetic form factor of the ith spin.
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2.10 Magnetic Pair distribution function (mPDF)

On averaging equation 2.30 for a powder sample of a system having identical localized spins within

the quasistatic approximation, we get,

dσ

dΩ
=

2
3

NS(S+1)(γr0)
2 f 2

m +(γr0)
2 f 2

m ∑
i̸= j

[Ai j
sinκri j

κri j
+Bi j(

sinκri j
(κri j)3 −

cosκri j

(κri j)2 )] (2.31)

Here, i and j represent the individual magnetic moments Si and S j separated by a distance ri j,

Ai j =< Sy
i Sy

j >, Bi j = 2 < Sx
i Sx

j− < Sy
i Sy

j >, N is the number of spins in the system, S is the spin

quantum number, γ= 1.913 µN is the neutron magnetic moment, r0 =
µ0e2

4πme
, fm is the magnetic form

factor, and κ is the magnitude of the scattering vector. The first term of the above equation represents

the scattering from a collection of randomly oriented spins and is the result of self-scattering (i = j).

Ai j and Bi j are locally defined for each spin pair using unit vectors,

x̂ =
rj − ri

| rj − ri |
(2.32)

and

ŷ =
Si − x̂(Si.x̂)
| Si − x̂(Si.x̂) |

. (2.33)

Figure 2.5 Resolution of spin vectors (Figure adapted from [6])
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On dividing equation 2.31 by self-scattering factor (2
3NS(S+ 1)(γr0)

2 f 2
m) we get magnetic

structure S(κ):

S(κ) =
dσ

dΩ

2
3NS(S+1)(γr0)2 f 2

m
(2.34)

S(κ) = 1+
3

2NS(S+1) ∑
i ̸= j

[Ai j
sinκri j

κri j
+Bi j(

sinκri j
(κri j)3 −

cosκri j

(κri j)2 )] (2.35)

We define the reduced magnetic structure function as F(κ) = κ[S(κ)−1] and the above equation

reduces to:

F(κ) =
3

2NS(S+1) ∑
i ̸= j

[Ai j
sinκri j

ri j
+Bi j(

sinκri j

κ2r3
i j

−
cosκri j

κr2
i j

)] (2.36)

The reason to introduce the reduced magnetic structure function is to remove the contribution

from self-scattering, and the Sine Fourier transform of the reduced magnetic structure function

gives us the magnetic PDF in real space:

fm(r) =
2
π

∫
∞

0
F(κ)sinκr dκ (2.37)

fm =
2
π

3
2NS(S+1) ∑

i ̸= j

1
ri j

(Ai j

∫
∞

0
sinκr sinκri j dκ+

Bi j

r2
i j

∫
∞

0

sinκr sinκri j dκ

κ2 −
Bi j

ri j

∫
∞

0

sinκr cosκri j dκ

κ
)

(2.38)

fm =
2
π

3
2NS(S+1) ∑

i̸= j

1
ri j

[Ai j
π

2
δ (r− ri j)]+

Bi j

r2
i j

π

4
(r+ ri j −|r− ri j|)−

Bi j

ri j

π

4
2Θ(r− ri j)] (2.39)

fm =
1
N

3
2s(S+1) ∑

i̸= j

1
ri j

[Ai jδ (r− ri j)+
1
2

Bi j

r2
i j
(r+ ri j −|r− ri j|)−

Bi j

ri j
Θ(r− ri j)] (2.40)

For a single pair of spins,

( fm)i j(r < ri j) =
3

2NS(S+1)
Bi j

r
r3

i j
, (2.41)

( fm)i j(r = ri j) =
3

2NS(S+1)
Bi j[

Ai j

r
δ (r− ri j)+

Bi j

2r2 ] (2.42)
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and

( fm)i j(r > ri j) = 0 (2.43)

Thus the mPDF function can be written concisely as:

fm(r) =
1
N

3
2S(S+1) ∑

i ̸= j
(
Ai j

r
δ (r− ri j)+Bi j

r
r3

i j
Θ(ri j − r)) (2.44)

where Θ(x) represents the Heaviside step function [6]. Equation 2.44 is the basic mPDF quantity

of our interest. The mPDF function involves the delta function at spin-pair separation distances

and is modulated by the orientational term Ai j, which is positive for ferromagnetic alignment along

the y-direction and negative for antiferromagnetic alignments. mPDF also contains a term that is

linear in r (which is absent in the PDF) which arises due to the fact that magnetic neutron scattering

entirely depends on spatial as well as orientational correlations of magnetic moments [6].

2.11 Normalized and non-normalized magnetic PDF

To obtain normalized magnetic PDF, we have to follow three different steps: first, we need to isolate

magnetic scattering intensity, which can be done by separating nuclear and magnetic contribution

in momentum space. The second step is to normalize the separated magnetic signal by dividing

it by the square of the magnetic form factor ( f 2
m), and at last, we perform Fourier transform of

the normalized pattern which gives us the normalized real-space magnetic PDF. However, non-

normalized magnetic PDF refers to the magnetic pattern in real space which is not divided by

the magnetic form factor. For instance, we can performed combined atomic and magnetic fits by

transforming the total neutron scattering pattern in real space and separating the magnetic pattern.

According to standard structural PDF protocols, the total PDF obtained from the total neutron

scattering intensity is given by,

Gtotal(r) = F{Q(
Itotal

N⟨b⟩2 −
⟨b2⟩
⟨b⟩2 )} (2.45)
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Here, F{....} represents the Fourier transform, total intensity (Itotal) is composed of nuclear intensity

(In) and magnetic intensity (Im), N is the number of atoms, b is the nuclear scattering length, and

the angled bracket represents an average of all nuclei present in the sample.

Gtotal(r) = F{Q(
In + Im

N⟨b⟩2 − ⟨b2⟩
⟨b⟩2 )} (2.46)

Gtotal(r) = F{Q(
In

N⟨b⟩2 −
⟨b2⟩
⟨b⟩2 )}+F{Q(

Im

N⟨b⟩2 )} (2.47)

Gtotal(r) = Gn(r)+
d(r)

N⟨b⟩2 (2.48)

Where, Gn(r) is the atomic PDF and d(r) = F{QIm(Q)} is called unnormalized mPDF, as it does

not involve division by the square of magnetic form factor. Using the convolution theorem, we can

write,

d(r) = c1 f (r)∗S(r)+ c2
dS
dr

(2.49)

Here, c1 and c2 are constants and c1/c2 =− 1√
2π

in full ordered state, ∗ represents the convolution

operator, S(r) = F{ fm(Q)}∗F{ fm(Q)}. And, F{ fm(Q)} is equivalent to real space spin density

and d(r) is equivalent to proper magnetic PDF.

The result of a typical neutron PDF experiment on a magnetic material without neutron polariza-

tion analysis contains the atomic PDF as well as the unnormalized mPDF. And the magnetic pattern

thus obtained after separating is a non-normalized magnetic PDF.

2.12 mPDF pattern of a single pair of spins

I will illustrate some of the examples of one-dimensional mPDF. If we just consider a pair of

ferromagnetically aligned spin where both are pointed vertically upward in the same direction. We
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Figure 2.6 Simulated mPDFs of a pair of ferromagnetically (left) and
antiferromagnetically (right) aligned spins in different spin orientations. (Figure adapted
from [6])

get a positive peak in our mpdf pattern at spin separation distance along with the linear baseline.

So, the positive peak in our mPDF pattern indicates that the spins are ferromagnetically aligned.

The slope of the linear baseline and the height of the positive peak depend on the orientation of the

spins, as shown in Fig. 2.6 (left). This was a simple example with a pair spin. But if we average

the bunch of ferromagnetic pairs of spin in all possible orientations, the baseline vanishes and the

peak height to 2/3 of the maximal value as shown by a dotted line. This is something we expect for

uncorrelated ferromagnetic dimers. The mPDF pattern of a pair of AF spin looks similar to pair of

FM spins but it has a negative peak at AF spin pair distance.
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Figure 2.7 Simulated mPDFs of a 1D chain of ferromagnetically aligned spins (left), and
antiferromagnetically coupled spins (Right). ( Figure adapted from [6])

2.13 1D magnetic pair distribution (mPDF) pattern

Let’s us consider a 1d array of spins all pointing vertically upward direction. we can see an array of

positive peaks at spin separation distance in our mPDF pattern, this is because the first nearest spins,

second nearest spins, third nearest spins, and so on, all make a ferromagnetic alignment pointing in

the same direction, as a result, we only see positive peaks at spin separation distance in our mPDF

pattern. When averaged over all possible spin directions, the peak height diminishes as 1/r and the

baseline slope diminishes as 1/r3. However, the 1d arrays of AF spins give alternating negative and

positive peaks at spin pair separation distance in our mPDF pattern. The first nearest spin is AF

magnetically aligned which is a negative peak at the first nearest spin distance. Similarly, the second

nearest spin makes FM alignment which gives a positive peak in our mPDF pattern and so on.
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2.14 Extracting magnetic signal from neutron total scattering

pattern

There are two different ways to separate the magnetic signals from the total scattering neutron

pattern. The first one involves the conventional neutron diffraction measurement where the magnetic

scattering pattern is separated from the nuclear scattering in momentum space. This can be done

simply by performing a fit to the nuclear Bragg peaks and subtracting the residual, or by subtracting

a high-temperature scattering pattern to isolate the temperature-dependent magnetic scattering that

appears at a lower temperature. The magnetic scattering pattern thus obtained after subtraction can

then be normalized by dividing the square of the magnetic form factor. This normalized magnetic

pattern obtained in momentum space is then converted to mPDF by performing the Fourier sine

transform. This method to separate the magnetic signal can be quite challenging in practice because

even a very small error while subtracting can be significantly amplified while normalizing by

magnetic form factor. In this case, the normalization step can be skipped, and a cleaner Fourier

transform can be obtained, although the real-space resolution is greatly reduced compared to the

properly normalized pattern. The second option is to separate nuclear and magnetic signals in

real space. This involves the time of flight total neutron experiment to collect the atomic and

magnetic PDF pattern at PDF optimized beamline. Thus, obtained patterns are then reduced using

standard PDF protocols. The result contains the atomic as well as unnormalized mPDF. To conduct

a quantitative mPDF refinement, first, we need to perform an atomic PDF refinement and then use

the residual of atomic fit as input data for the mPDF refinement. Even better, we can model atomic

and magnetic PDFs together to perform a simultaneous refinement against total PDF signals [47].
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2.15 3D - ∆mPDF

The 3D - ∆mPDF measures the magnetic diffuse scattering of a single crystal and gives local

spin-spin correlation which can be directly visualized in real space. The three-dimensional Fourier

transform of diffuse neutron scattering cross-section of a single crystal gives us 3D - ∆mPDF,

3D−∆mPDF(r) = F−1
[

dσdiffuse

dΩ

]
(2.50)

3D−∆mPDF(r) =
r2

0

4µ2
B
⟨δM⊗̄δM)− 1

π4 (δM∗̄ϒ)⊗ (δM∗̄ϒ)⟩, (2.51)

Here δM is a vector field representing the local deviation from the average magnetic structure, r

represents the distance between two spins in real space. Similarly,r0 and µB represent classical

electron radius and the Bohr magneton respectively, and ϒ represent the vector interaction of neutron

spin with electronic magnetic moments of material, and ϒ(r) = r
|r|4 , if |r| ̸= 0 and ϒ(r) = 0, |r|= 0.

The first term in equation 2.51 will give the positive peak for the parallel moments i.e., an angle

less than π/2, and a negative peak for the antiparallel moments ( angle larger than π/2). But the

first term will be zero for the perpendicular moments. The second term of the equation 2.51 gives

the peak shape which elongated to the direction of moments. The second term is always weaker

than the first term unless moments are perpendicular. So the positive peak in 3D - ∆mPDF is due to

the spins aligning in the same direction and the negative peak is observed if the two spins align in

opposite directions [48, 49].

2.16 Software for mPDF analysis

Magnetic pair distribution function (mPDF) technique was first introduced by [6] which can be

used to investigate magnetic correlation, i.e, long-range and short-range magnetic correlation

directly in real space. Using mPDF technique we can calculate normalized as well as unnormalized

mPDF for any arbitrary magnetic structure. A python-based program called diffpy.mpdf is used
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to study the magnetic structure in real space [49]. It is an open-source python program and can

be easily available at https://github.com/FrandsenGroup/diffpy.mpdf. Using diffpy.mpdf we can

build magnetic structures of any arbitrary complexity using a propagation vector or a magnetic unit

cell. It can include multiple magnetic species in one structure and can do a 3D visualization of our

magnetic structure.



Chapter 3

Synthesis and basic characterization

This chapter describes the details of the polycrystalline sample preparation of pure MnTe and 2%

Na-doped MnTe (i.e., Na0.02Mn0.98Te), phase characterization of these materials using laboratory

X-ray diffraction, and basic magnetic characterization. For completeness, this chapter also includes

the procedure to grow the single crystal of MnTe, although this growth was carried out by our

collaborators at Oak Ridge National Laboratory.

3.1 Polycrystalline and single crystal synthesis of MnTe

Polycrystalline samples of MnTe and Mn0.98Na0.02Te were prepared by mixing Mn powder

(99.95%), Te pieces (99.999%), and Na pieces (99.99%) in an argon glove box. These reac-

tants were handled inside the glove box at all times, as they are sensitive to air. Exposing them

to the air will degrade their quality through oxidation. The reactants were mixed together in the

molar ratios given by the composition and were then loaded inside a quartz ampoule having a length

of 20 cm and an internal diameter of 20 mm. The ampoule loaded with the reactants was then

sealed with a valve top, removed from the glove box, and quickly transferred to a vacuum sealing

station. We evacuated the argon gas which was initially contained inside the tube until the pressure

34
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Figure 3.1 Photograph of the vacuum sealing system used for the synthesis.
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inside the ampoule dropped to 10−5 torr. The ampoule was then flame-sealed using a H2 + O2 torch.

We used a wet paper towel on the lower end of the tube (where the reactants were contained) to

avoid unnecessary heating of the reactants during the sealing process. A picture of the vacuum

system used for the synthesis is shown in Fig . 3.1. Once the sealing was completed, we trimmed

the length of the ampoule with a diamond-tipped rotating saw blade to allow it to fit easily inside

the box furnace. These ampoules containing the reactants were then heated inside the furnace at a

temperature of 950 ◦C for 6 hours. We then opened the furnace at that temperature (wearing flame-

and heat-protective equipment), removed the ampoules quickly with tongs, and quenched them into

a large bucket containing ice water. This quenching process must be completed quickly to avoid

damaging the heating coil of the furnace and maximizing the purity of the sample. One difficulty

that we experienced during this process was the shattering of the ampoules while quenching in

cold water. We found that shorter ampoules with a smaller total sample mass (∼1 g) decreased the

probability of the ampoule cracking during the quenching process. After a successful quenching of

the ampoules, they were heated for another 3 days at 650 ◦C. Once the heating was completed, we

cut open the ampules using a glass cutter and quickly transferred the samples into the glove box

with less than a minute of exposure time. The samples were then ground into a fine powder inside

the glove box. The powder was black in color after synthesis. These samples were stored inside the

glove box until they were needed for experiments. This prevented any kind of contamination or

reaction with air.

Our collaborators from Oak Ridge National Laboratory prepared a single crystal of pure MnTe.

The crystal was grown from Te flux by heating a mixture of Mn:Te = 36:64 at 890◦C for 12 days.
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Figure 6.2 X-ray PDF fits of MnTe.Blue open circles represent experimental PDF and the
red solid line represents the calculated fits using P63/mmc model. A flat green curve
(offset for clarity) is the fit residual. Right panel graphs show the xPDF fits at 100K, 350
K, and 450 K, respectively, whereas, left panel graphs show the zoom-in figure of nearest
neighbor distribution at respective temperatures.
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since thermal expansion will normally cause the peaks to shift to a higher r- region with increasing

temperature. A waterfall plot showing the first 6 Å of the PDF data between 5 K and 500 K is shown

in Fig. 6.3, where the first peak shows a slight shift to the left with increasing temperature, while

the second peak shows the usual shift to the right due to thermal expansion. The vertical dashed

lines mark the position of the peak maxima at 5 K to serve as reference points as the temperature is

increased.

To gain a more comprehensive understanding of this local distortion as a function of temperature,

we extracted the position of the nearest-neighbor peak maximum from the experimental data and

from the best-fit calculated PDF and compared the two sets of values. The results are shown in

Fig. 6.4. We see that the calculated and observed peak maxima agree well below about 50 K, but

the discrepancy increases continuously as the temperature is raised. Thus, although the misfit is

not obvious for the 100 K data shown in Fig. 6.2(a), it is nevertheless still present at 100 K and

somewhat below, and it grows steadily as the temperature increases.

To confirm the presence of this distortion, we return to the neutron PDF data discussed earlier in

the context of the magnetic PDF. Fig. 6.5 shows the fitted nPDF data (right panel) at 100 K, 350 K,

and 450 K, respectively, together with a zoomed-in view of the first nearest peaks at those respective

temperatures. Similar to the xPDF, the first peak of the experimental nPDF pattern also shifts

towards the left relative to the calculated peak and becomes asymmetric with a rise in temperature.

Note that the negative scattering length of manganese causes the first peak (corresponding to Mn-Te

pairs) to be negative in the nPDF pattern.

This local distortion is characterized by a contraction and asymmetric skew of the Mn-Te nearest

neighbor bond length as the temperature is raised. This is consistent with the idea of Te shifting off

its high-symmetry position, similar to the published reports of emphanisis. Noting that each Te atom

sits in the center of a triangular prism with six equidistant nearest neighbor atoms (see Fig. 6.6(c)),

a shift of the Te atom toward one face of the triangular prism as shown by the arrows would shorten
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Figure 6.3 Waterfall plot representing first and second peaks, generated through X-ray
PDF G(r) data from 5 K to 500 K ( offset for clear view).
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Figure 6.4 Variation of the position of the first peak maximum of the experimental xPDF
data G(r) and the calculated xPDF pattern Gcal with temperature. Blue symbol represents
the position of peak maxima of experimental xPDF pattern, and orange symbol represents
the position of peak maxima of calculated pattern of first peak.

the nearest-neighbor Mn-Te bond for four of the Mn atoms and lengthen it for the other two Mn

atoms in the triangular prism. This would explain the slight shifting of the experimental peak

to lower r and the asymmetric broadening. To test this idea, we performed a fit over the range

1.5 – 3.5 Å using a model where the Te atoms were allowed to shift in this manner. The unit cell

dimensions remained fixed to the values determined from the longer range fits, since they cannot be

refined reliably over the 1.5 – 3.5 Å fitting range. In Fig. 6.6(a) and (b), we show the fit with the

undistorted model and the distorted model, respectively. The distorted model describes the data

significantly better, capturing the shift of the peak maximum to lower rand the slight asymmetric

broadening. A local off-centering of the Te ion, qualitatively similar to the emphanitic distortions

in other thermoelectrics, is therefore consistent with the PDF data. We would expect this local

distortion to contribute to the favorable thermoelectric figure of merit in MnTe by disrupting heat

transport via phonons, effectively reducing the thermal conductivity and increasing zT .
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Figure 6.5 Neutron PDF (nPDF) fits of MnTe. Blue open circles represent the
experimental nPDF data and the red solid line represents the calculated PDF fits using the
P63/mmc model. The green curve (offset for clarity) is the fit residual. Right panel graphs
show the nPDF fits over the range 1.5 - 20 Å at 100K, 250 K, and 450 K, respectively,
while the left panel graphs show the zoomed-in figure of first nearest neighbor peak at
those same temperatures.
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Figure 6.6 X-ray PDF fit for MnTe at 400 K over the range 1.5 – 3.5 Å using a distorted
model where the Te atoms shift off center. (a) Fit with the undistorted model. (b) Fit with
the distorted model. (c) Representation of the local distortion, with the arrows indicating
the direction of the Te atom displacements.

To investigate the possibility of such an emphanisis-like distortion in other materials without

any lone pairs, we performed comparative fits on other Mn-based materials, the antiferromagnetic

cubic systems MnO (data source [70]; used with permission) and MnS (data source [86]; used with

permission). Fig. 6.7 (b) shows the xPDF fit for MnS at 295 K, and a zoomed-in view of the first

peak is shown in Fig. 6.7 (a). Similarly, Fig. 6.7 (d) shows the nPDF fit to MnO at 300 K, with a

zoomed-in view of the first peak in Fig. 6.7 (c). We can clearly see that both compounds show very

similar distortions as MnTe.

The origin of this distortion in the antiferromagnetic binary compounds MnTe, MnO, and MnS

cannot be explained in terms of lone pair dynamics as observed in PbTe and other emphanitic

materials. Another possibility is a magnetic origin, considering that the three examples we have

found so far are all antiferromagnetic compounds. However, this is somewhat difficult to reconcile

with the fact that the distortion increases with temperature and shows no clear response to the
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Figure 6.7 Local distortion in MnS and MnO. (a) xPDF fit to MnS at 295 K zoomed into
the first peak, and (b) shown over the full fitting range. (c, d) Same as (a, b), but for MnO
using neutron PDF data at 300 K.
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Figure 6.8 xPDF plots of the first peak of MnTe at various magnetic fields at 450 K.

antiferromagnetic ordering temperature. Furthermore, we measured the X-ray PDF for MnTe in

applied magnetic fields up to 5 T, and we saw no systematic change in the local distortion with

field (see Fig. 6.8.) We note that 5 T may not be a large enough field to significantly affect the

internal behavior of the antiferromagnetic interactions in MnTe, so this does not disprove a magnetic
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origin. To investigate this further, it will be important to measure nonmagnetic compounds like

NiAs and perform theoretical calculations to determine whether magnetic exchange interactions or

other factors could lead to the observed local distortion.

6.5 Conclusion

In summary, we observed a local distortion in MnTe that grows with temperature and can be

described by an off-centering of the Te atoms, similar to the emphanisis phenomenon observed in

other thermoelectric materials. A similar type of local distortion is observed in other Mn-based

antiferromagnets MnS and MnO. The precise origin of this distortion in the Mn compounds requires

further investigation.



Chapter 7

Conclusion

This thesis comprises three different projects on MnTe which were studied using atomic and

magnetic pair distribution function analysis. Our magnetic pair distribution function analysis along

with theoretical calculations revealed the real-space picture of the short-range correlations in the

paramagnetic state. We have shown that robust, short-range magnetic correlations persist on the

nanometer scale well above the Néel temperature, consistent with the paramagnon picture proposed

to explain the high value of thermoelectric figure of merit. These short-range magnetic correlations

are anisotropic, with a longer correlation length along the c-axis than in the ab-plane. Ab initio

calculations using the DLM-DFT-SIC method predict the observed anisotropic magnetic correlations

with quantitative accuracy, validating the approach of the theoretical study of magnetically enhanced

thermoelectric materials.

A detailed picture of the magnetostrutrual response in MnTe was revealed by combining

magnetic pair distribution function and atomic X-ray pair distribution function results. We have

demonstrated that the spontaneous volume contraction was nearly 1%, which is the largest spon-

taneous volume contraction observed so far for any antiferromagnetic material. We also showed

that the lattice strain couples linearly with the local magnetic order parameter, in contrast to the

quadratic coupling observed for the conventional magnetostriciton.

99
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Finally, by combining the atomic neutron and X-ray pair distribution function analysis, we

revealed a local distortion in MnTe that increases with the increase in temperature due to the off-

centering of Te atoms. This is very similar to the local distortion known as emphanisis in numerous

other thermoelectric systems, yet it is the first time such behavior has been observed in a hexagonal

system without any lone pairs. This type of distortion is also expected to enhance the thermoelectric

figure of merit by decreasing the thermal conductivity. We have shown a similar local distortion in

other Mn-based system, MnS and MnO, although the precise origin of this distortion require further

investigation.

These results on local magnetic correlations, magnetostructural coupling, and local distortions

in MnTe provide a vital benchmark for further understanding and optimizing the spin-driven thermo-

electric enhancement due to short-range magnetic order in MnTe and other magnetic semiconductors,

as well as fully understanding and exploiting the magnetostructural properties of MnTe.

The study of the local atomic and magnetic structure of materials with PDF methods revealed

important features that would not be observed from conventional diffraction analysis, highlighting

the value of taking a local structure view of scientifically and technologically relevant materials. It

is also striking that even a chemically and structurally simple compound like MnTe exhibits such

unexpectedly rich and complex behavior, imbuing the field of materials physics with continued

excitement about the ongoing discovery of interesting and useful properties of matter.
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