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1
INTRODUCTION

Magnetic refrigeration, based on magnetocaloric effect, has been considered to
be the most promising technology to replace vapor-compression for near room-
temperature refrigeration applications (e.g. refrigerator, air-conditioner). It has
been demonstrated that the cooling efficiency of magnetic refrigeration systems
can reach up to 60% of the theoretical limit, compared to about 45% in the best gas-
compression refrigerators [1–4]. Cooling systems based on magnetocaloric tech-
nology operate with less noise due to the absence of a compressor. Additionally,
magnetic refrigeration makes use of water-based coolants instead of ozone deplet-
ing or greenhouse gases, which makes it an environmentally friendly technology.

(Mn,Fe)2(P,Si)-type compounds are, to date, the best candidate for magnetic refrig-
eration and energy conversion applications due to the combination of highly tun-
able giant magnetocaloric effect and low material cost. In this chapter, the mag-
netocaloric effect and some well-studied magnetocaloric materials are introduced.
Since this thesis aims at a better understanding of the magnetoelastic coupling in
(Mn,Fe)2(P,Si)-based compounds, previous studies on the crystal structure and the
unique mixed magnetism for (Mn,Fe)2(P,Si)-based compounds are summarized.
The outline of the thesis can be found at the end of this chapter.
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2 1. INTRODUCTION

1.1. MAGNETOCALORIC EFFECT

M AGNETIC refrigeration is based on the magnetocaloric effect (MCE). The
MCE is a phenomenon, in which a temperature change is caused by ex-

posure of a magnetic material to a changing magnetic field. The magnetocaloric
effect was discovered in 1917 by Weiss and Piccard [5]. A temperature rise of 0.7 K
was observed in nickel when a magnetic field of 1.5 T was applied in the vicinity
of its Curie temperature (627 K).

In the 1920s, Debye [6] and Giauque [7] independently proposed that low
temperatures can be attained via adiabatic demagnetization of a paramagnetic
salt. This was first experimentally demonstrated by Giauque and MacDougall in
1933 when they reached a temperature of 0.25 K [8]. Due to his great achieve-
ment, Giauque was awarded the Nobel Prize in Chemistry in 1949.

In 1997, the first near-room-temperature, proof-of-concept, magnetic refrig-
erator was built by Ames Laboratory at Iowa State University [1], using gadolin-
ium material. Encouraged by this great success, scientists and companies world-
wide started to develop new materials and systems for near room-temperature
magnetic-refrigeration applications.

A major breakthrough came in 2002 when Brück [9] and coworkers at the Uni-
versity of Amsterdam discovered the giant MCE in Fe2P-type magnetocaloric ma-
terials. The (Mn,Fe)2(P,As) compounds present excellent magnetocaloric proper-
ties and are based on abundantly available materials. Further success was made
when the toxic element As was replaced by the non-toxic Ge and Si, while main-
taining the outstanding magnetocaloric properties. [10–16]

In 2015, Haier, Astronautics, and BASF presented the first commercial proto-
type of a magnetocaloric wine cooler at the International Consumer Electronics
Show in Las Vegas, Nevada. Key to this great success is the use of Fe2P-type mag-
netocaloric materials, which are composed of abundantly available and afford-
able raw materials.

1.2. MAGNETOCALORIC MATERIALS

F OLLOWING the discovery of a sub-room temperature giant MCE in the ternary
system Gd-Ge-Si [17], great efforts have been made to search for new classes

of materials, which can be used for near room-temperature magnetic refrigera-
tion applications. Some examples of these materials are: La(Fe,Si)13-based com-
pounds [18, 19], MnAs-based compounds [20], MnCoGe-based compounds [21],
Heusler-type NiMnX-based alloys [22–26], and (Mn,Fe)2(P,X)-based compounds
[10–16]. The most prominent feature of these material systems is that they un-
dergo a first-order magnetic phase transition, which leads to a giant MCE in the
vicinity of the phase-transition temperature.
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Figure 1.1: Schematic representation of the crystal and magnetic structure for (Mn,Fe)2(P,Si).

Among the diverse classes of magnetocaloric materials, the (Mn,Fe)2(P,Si)-
based compounds have been considered as the most promising materials for
room-temperature refrigeration and energy conversion applications due to their
combination of tunable working temperature, low hysteresis, corrosion resis-
tance, compositional stability and low material cost.

1.3. CRYSTAL STRUCTURE OF (MN,FE)2(P,SI)

T HE (Mn,Fe)2(P,Si) compounds crystallize in the hexagonal Fe2P-type struc-
ture (space group P 6̄2m), which contains two metallic (3 f and 3g ) and two

non-metallic (2c and 1b) sites.

Neutron diffraction experiments and density functional theory (DFT) calcu-
lations indicate a preferential occupation of the two transition-metal atoms in
the hexagonal structure [27–29]. As illustrated in Fig. 1.1, Mn prefers the 3g site
with five nonmetal nearest neighbors forming a square pyramid, while Fe favors
the 3 f site surrounded by four nonmetal coordination atoms forming a tetrahe-
dron. The site preference of the non-metal atoms and its influence on the phase
transition will be studied in this thesis (Chapter 3 and 4).

1.4. MAGNETOELASTIC COUPLING AND MIXED MAGNETISM

T HE giant MCE in (Mn,Fe)2(P,Si) compounds originates from a first-order mag-
netoelastic transition (FOMT), i.e., the ferromagnetic-paramagnetic (FM-PM)

transition is strongly coupled to a structure change without a symmetry change
[15, 27, 30, 31]. Due to the strong magnetoelastic coupling in the (Mn,Fe)2(P,Si)
compounds, the phase transition can be tuned by changing the Mn/Fe ratio and
P/Si ratio, as well as by doping with small atoms, which are studied in this thesis
(Chapters 3 and 4). Additionally, the (Mn,Fe)2(P,Si) compounds show competing
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magnetic configurations in the magnetically ordered state. An incommensurate
magnetic structure, instead of the common ferromagnetic structure, is observed
in some of the (Mn,Fe)2(P,Si) compounds due to the strong magnetoelastic cou-
pling. This is discussed in Chapter 7.

As indicated by DFT calculations [15, 32, 33], the first-order phase transi-
tion in (Mn,Fe)2(P,Si) compounds originates from a unique phenomenon called
mixed magnetism. Mn atoms on the 3g sites do not undergo a significant reduc-
tion in magnetic moment, but only lose the long-range magnetic order above
FM to PM transition temperature. In contrast, the magnetic moment of Fe is
significantly reduced above the ferromagnetic transition, due to the strong elec-
tronic redistribution around the 3 f site. The appearance of different magnetic
behaviors for Fe and Mn atoms in the (Mn,Fe)2(P,Si) compounds, i.e., mixed mag-
netism, is a result of the different coordination environments around them, as
discussed in Section 1.3.

Mixed magnetism is at the core of the FOMT in the (Mn,Fe)2(P,Si)-based com-
pounds. The tunability of the FOMT, in terms of the critical temperature and the
character of the phase transition, is essentially attributed to changes in the mixed
magnetism in the (Mn,Fe)2(P,Si)-type compounds.

1.5. THESIS OUTLINE

T HIS thesis aims at shedding light on the magnetoelastic coupling and the
phase-transition behavior in (Mn,Fe)2(P,Si)-based compounds.
The experimental techniques (including sample preparation and characteri-

zation) employed in this thesis are described in Chapter 2.
In Chapters 3 and 4, we explore two ways of tailoring the magnetoelastic tran-

sition in the (Mn,Fe)2(P,Si)-type compounds through varying the P/Si ratio and
doping with small atoms (e.g. B, C and N), respectively. The underlying mech-
anism can be explained by changes in the mixed magnetism, which are closely
related to the competition between chemical bonding and magnetic moment
formation.

The study on the thermal-history dependent phase-transition behavior, i.e.,
the so-called “virgin effect” in the (Mn,Fe)2(P,Si)-type compounds is presented
in Chapter 5. Based on the experimental results, a thermodynamic model is pro-
posed to describe the virgin effect.

The development of magnetic correlations and their dynamics in the para-
magnetic regime of (Mn,Fe)2(P,Si)-type compounds is studied in Chapter 6, by
means of neutron polarization analysis and muon spin-relaxation techniques.

In Chapter 7, an anomalous phase-coexistence phenomenon in some
(Mn,Fe)2(P,Si)-based compounds is reported at temperatures below the critical
phase-transition temperature. The coexisting phases consist of a stable FM phase



REFERENCES

1

5

and a metastable incommensurate-magnetic phase, as indicated by neutron
diffraction and Mössbauer spectroscopy. The phase coexistence is caused by the
kinetic arrest of the first-order phase transition and the competition between dif-
ferent magnetic configurations in some of the (Mn,Fe)2(P,Si)-based compounds.
This study provides further insight into the magnetoelastic coupling in
(Mn,Fe)2(P,Si)- type compounds.
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2
EXPERIMENTAL TECHNIQUES

This thesis explores the magnetoelastic coupling in the (Mn,Fe)2(P,Si)-type
compounds. A variety of characterization techniques are employed to reveal the
structural and magnetic changes accompanied with the phase transition in
(Mn,Fe)2(P,Si)-type compounds. The experiment details will be discussed in this
chapter.

X-ray powder diffraction monitors the structural changes associated with the phase
transition. Neutron powder diffraction is, apart from detecting these crystallo-
graphic changes, also able to determine magnetic structure and resolve sublat-
tice magnetic moment. Bulk magnetic properties can be directly characterized
by isothermal and isofield magnetization measurements. Mössbauer spectroscopy
detects the magnetic interaction and chemical bonding around Fe nuclei in
(Mn,Fe)2(P,Si) compounds. Muon-spin relaxation (μSR) technique and neutron
polarization analysis reveal the development of short-range magnetic order in the
paramagnetic regime.

The combination of these techniques provides insight into the magnetoelastic cou-
pling in (Mn,Fe)2(P,Si)-type compounds.

9
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Figure 2.1: Schematic drawing of a planetary ball mill.

2.1. SAMPLE PREPARATION

2.1.1. BALL MILLING

B ALL milling is a widely-used technique for mixing, homogenizing, pulveriz-
ing and mechanical alloying in material science and engineering. A plane-

tary ball mill (PM100, Retsch) was used in the present work. As illustrated in Fig.
2.1, the grinding jar is arranged eccentrically on the sun wheel of the planetary
ball mill. The moving direction of the sun wheel is opposite to that of the grind-
ing jars. The grinding balls in the grinding jars are subjected to superimposed
rotational movements. The relative motion between the balls and the grinding
jar produces both frictional and impact forces, which releases a high dynamic
energy.

The starting materials Fe, Mn, red-P, Fe3N, Si, B, C (graphite) powders were
grinded in tungsten-carbide jars (V ≈ 380 ml) with tungsten-carbide balls (m ≈ 8
g) under argon atmosphere. A ball-milling time of 10 hours and rotation speed of
360 rpm, which had been optimized previously, were used for the present work.

2.1.2. MELT SPINNING

M ELT spinning technique is commonly used for rapid cooling of liquids. The
cooling rates applied for melt spinning are of the order of 104 - 107 K/s

[1]. As a result, this technique is generally used to develop materials that require
extremely high solidification rates, such as metallic glasses. As illustrated in Fig.
2.2, the metal (A) is melted by induction coils (I) and pushed by gas pressure (P).
The jet goes through a small nozzle in the crucible (B) over the spinning copper
wheel (C), where it is rapidly cooled to form a solid ribbon (D).
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Figure 2.2: Schematic illustration of melt-spinning process. See text for details.

Preliminary study on C doping in (Mn,Fe)2(P,Si) compounds indicated that
one can hardly get homogeneous (Mn,Fe)2(P,Si,C) samples using ball milling.
The melt-spinning technique, in which the sample is obtained from a molten
state, was used to prepare the (Mn,Fe)2(P,Si,C) samples (Chapter 4) since a high
diffusion and reaction rate is expected in the molten state. The melt spinner used
in the present study is produced by Edmund Bühler GmbH. The surface velocity
of the copper wheel was about 45 m/s. About 5 g of sample can be obtained in a
single run.

2.1.3. ANNEALING

T HE fine powders obtained after ball milling were pressed into tablets and
sealed in quartz ampoules in an Ar atmosphere of 200 mbar. The sealed sam-

ples were sintered at 1373 K for 2 h and annealed at 1123 K for 20 h before being
oven cooled to room temperature. To improve the homogeneity of ball-milled
samples, the annealed samples were heated up to 1373 K again and kept for 20 h
before being quenched into water.

The ribbons or flakes prepared by melt spinning were also sealed in quartz
ampoules in an Ar atmosphere of 200 mbar. The sealed samples were sintered at
1373 K for 2 h before being quenched into water.
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2.2. STRUCTURE CHARACTERIZATION

2.2.1. X-RAY DIFFRACTION

T HE X-ray diffraction patterns presented in Chapter 6 were collected on a
Bruker D8 diffractometer at Uppsala University, Sweden. This diffractometer

is equipped with a Våntec position-sensitive detector (PSD) using Cu Kα1 radi-
ation. Measurements were performed in a temperature range from 16 to 300 K
using an Oxford PheniX cryostat in a 2θ range of 20 - 90◦.

The in-field X-ray diffraction patterns presented in Chapter 7 were measured
on an X-ray diffractometer [2] in the High Field Laboratory for Superconduct-
ing Materials, Institute for Materials Research at Tohoku University, Japan. This
diffractometer consists of an X-ray source (Cu Kα radiation), a detector for the
diffracted beam, a cryocooled split-pair superconducting magnet system, and a
sample cryostat. The measurements were performed between 10 and 300 K in
magnetic fields up to 5 T.

2.2.2. NEUTRON DIFFRACTION

X -RAY diffraction is based on the scattering of incident X-rays by electrons.
As a result, it can hardly detect light atoms with a small amount of elec-

trons or distinguish neighboring atoms with a small difference in the number
of electrons. Alternatively, neutron diffraction allows for a determination of the
occupation of light atoms (e.g., B, C, N) in the structure. It is also able to distin-
guish Mn from Fe, and P from Si, which provides more structural details for the
(Mn,Fe)2(P,Si)-type compounds. Additionally, neutron diffraction can be used to
determine the magnetic structure and the sublattice magnetic moment.

The neutron diffraction data presented in Chapter 3 and Chapter 4 were
recorded on the time-of-flight general materials diffractometer (GEM) [3] with
six detector banks at the ISIS pulsed neutron source facility, Rutherford Apple-
ton Laboratory, UK. The powder samples (5 - 10 g) were contained in an 8 mm
diameter vanadium can, which was mounted in a cryofurnace.

The neutron diffraction experiments described in Chapter 5 were performed
on the time-of-flight high-resolution powder diffractometer (HRPD) at the ISIS
pulsed neutron source facility, Rutherford Appleton Laboratory, UK. This instru-
ment has a Δd/d resolution of 4×104, which allows for an accurate study on the
changes in the interplanar spacings inside the sample through the phase transi-
tion. Neutron diffraction data were obtained from the three detector banks after
thermal equilibrium of the sample was reached.

The neutron diffraction experiments in Chapter 7 were performed on the
WISH [4] time-of-flight diffractometer at the ISIS pulsed neutron source facility,
Rutherford Appleton Laboratory, UK. It is a long-wavelength diffractometer pri-
marily designed for diffraction at long d-spacings with good resolution, which is



2.3. MAGNETIZATION MEASUREMENTS

2

13

well suited for the determination of complicated magnetic structures. The pow-
dered sample of about 6 g was put into a vanadium can mounted in a helium
cryostat.

2.3. MAGNETIZATION MEASUREMENTS

M AGNETIZATION measurements in the temperature range of 5 - 370 K were
carried out on a superconducting quantum interference device (SQUID)

magnetometer (Quantum Design MPMS 5XL). Samples were put into a capsule,
which was mounted in a plastic straw. The sweeping rate of temperature on cool-
ing and heating was set to 2 K/min for all measurements performed in this thesis.

2.4. CALORIMETRY MEASUREMENTS

C ALORIMETRY measurements were carried out on a differential scanning
calorimeter (DSC, TA Instrument Q2000) equipped with a liquid nitrogen

cooling system. This calorimeter allows us for a direct determination of the heat
capacity with a high precision based on the so-called Tzero DSC technology. All
the calorimetry data presented in this thesis were measured with a sweep rate of
10 K/min.

2.5. MÖSSBAUER SPECTROSCOPY

T HE energy levels of a nucleus in an atom in a solid state are modified by the
environment of the nucleus [5]. Mössbauer spectroscopy enables these en-

ergy levels to be investigated by measuring the energy difference of the resonant
absorption of gamma rays. This spectroscopic technique is based on the Möss-
bauer effect. This effect, discovered by Rudolf Mössbauer in 1957 [6], is based
on the recoil-free resonant absorption and emission of gamma rays in a solid. A
Mössbauer spectrum is characterized by the number, shape, position and rela-
tive intensity of the various absorption lines. These features result from the na-
ture of the various hyperfine interactions around the Mössbauer nuclei. A couple
of hyperfine parameters (e.g., isomer shift, quadrupole splitting, magnetic hy-
perfine field) can be derived from the Mössbauer spectrum, which characterize
the chemical bonding and magnetic interaction in materials.

The transmission 57Fe Mössbauer spectra, presented in Chapter 7, were col-
lected at 300 and 4.2 K with a sinusoidal velocity spectrometer using a 57Co(Rh)
source. The velocity calibration was carried out using an α-Fe foil. The source
and the absorbing samples were kept at the same temperature during the mea-
surements. The Mössbauer spectra were fitted using the Mosswinn 4.0 software
[7].
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2.6. MUON-SPIN RELAXATION (μSR) SPECTROSCOPY

A Muon is an elementary particle similar to the electron. Muons carry a pos-
itive (μ+) or negative (μ−) charge and a spin of 1/2. One interesting feature

of the muon is that its spin is aligned antiparallel with respect to its momentum,
which is due to the violation of parity involved in its production process [8].

Usually the positive muon is used for condensed matter physics research
since the positive muon can be implanted into the region with large electron
density, where physicists working on magnetism, superconductivity, etc. are
mostly interested in. In μSR experiments, muons with an energy higher than
4 MeV are implanted into the sample. They lose energy to a few keV within 1 ns
by ionization of atoms and scattering with electrons. After that, the muons ex-
perience successive electron capture and loss reactions within one picosecond,
which causes the further decrease in the energy to a few hundred eV. It should be
noted that all these thermalized processes are Coulombic in origin and have no
effect on the spin-polarization of the muons.[9]

Since muons carry magnetic moment, they will experience Larmor preces-
sion with a frequency proportional to the strength of the local magnetic field.
As a result, they behave as a local magnetometer. The large magnetic moment
of the muon makes it very sensitive to extremely small magnetic fields (down to
≈ 10-5 T). Additionally, with muon it is also possible to study magnetic disorder
or short-range magnetic order. Consequently, muons are well suited to study
magnetism.

A muon is an unstable subatomic particle. The implanted muons will decay
with a mean lifetime τμ of 2.2 μs. A positron is produced during the muon decay
process. The decay involves a weak interaction and thus shows parity violation
[8]. This phenomenon leads to a propensity for the emitted positron to emerge
predominantly along the direction of the muon spin.

A schematic diagram of the μSR experimental geometry is shown in Figure
2.3. A muon is implanted into the sample. The beam direction is antiparallel to
its polarization direction. If the muon decays immediately without experienc-
ing the Larmor precession, then a positron will be generated and preferentially
emitted into the backward detector. If it lives a little longer, it will have time to
precess in the local field inside the sample. For instance, if it precesses for half
a revolution, the emitted positron will preferentially be emitted towards the for-
ward detector. The temporal evolution of the positron counts in the forward and
backward detectors is described by the functions NF (t ) and NB (t ), respectively.
Temporal evolution of the muon polarization can be obtained by the asymmetry
function A(t ) , given by

A(t ) = NB (t )−NF (t )

NB (t )+NF (t )
(2.1)
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Figure 2.3: Schematic illustration of μSR setup with zero-field geometry.

If all the muon spins precess in the same static local field Bl oc , then according
to the Larmor equation, the static asymmetry function, Ast at (t ) would be

Ast at (t ) = A0
[
cos2θ+ si n2θcos(γμBl oc t )

]
(2.2)

where A0 is the initial asymmetry, γμ is the gyromagnetic ratio of muon (8.51616
× 108 rad·s-1T-1), and θ is the angle between the muon spin direction and the
local magnetic field direction.[10]

For a material in a magnetically disordered state without external field, the
local magnetic field is usually considered to be randomly oriented. The resultant
asymmetry function would be a spatial average of Eq. 2.2,

Ast at (t ) = A0

[
1

3
+ 2

3
cos(γμBl oc t )

]
(2.3)

In the zero-fieldμSR geometry, if the strength of the static local magnetic field
is assumed to show a Gaussian distribution, the muon-spin relaxation function
is described by the so-called Kubo-Toyabe function [10–13]

Ast at (t ) = A0

[
1

3
+ 2

3
(1−γ2

μΔ
2t 2)exp

(−γ2
μΔ

2t 2

2

)]
(2.4)

where Δ is the standard deviation of the Gaussian field distribution.
Muon diffusion and the fluctuations of the local field will cause dynamics of

the muon-spin relaxation. This can be evaluated within the framework of the
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strong collision model [10–13]. In the slow dynamic limit, the muon-spin relax-
ation is derived as [10–13]

Ad yn(t ) = A0

[
1

3
exp

(
−2

3
νt

)
+ 2

3

(
1−γ2

μΔ
2t 2

)
exp

(−γ2
μΔ

2t 2

2

)]
(2.5)

where ν is the local-field correlation frequency due to the muon diffusion and
the local-field fluctuations. In the fast dynamic limit, the muon-spin relaxation
function is written as [10–13]

Ad yn(t ) = A0 exp(−λt ) (2.6)

where λ is the muon-spin relaxation rate.
Consequently, the μSR technique is well suited to studying spin dynamics in

the PM regime of the (Mn,Fe)2(P,Si)-type compounds. OurμSR experiments were
carried out on the general purpose surface-muon instrument (GPS) at the Swiss
muon source (SμS) at the Paul Scherrer Institute (PSI), Switzerland.

2.7. POLARIZED NEUTRON DIFFRACTION

N Eutron polarization analysis is able to unambiguously separate the mag-
netic scattering cross section from nuclear coherent and nuclear

spin-incoherent contributions, which has been widely used to study magnetic
short-range order in materials [14, 15].

The total differential scattering cross section
(

dσ
dΩ

)
tot al

measured in a neu-

tron scattering experiment is a sum of three distinguishable contributions:(
dσ

dΩ

)
tot al

=
(

dσ

dΩ

)
nuc

+
(

dσ

dΩ

)
si
+

(
dσ

dΩ

)
mag

(2.7)

where the
(

dσ
dΩ

)
nuc

is the sum of the nuclear coherent and isotope incoherent

cross sections, which has no effect on the neutron spin. The
(

dσ
dΩ

)
si

is the nuclear

spin-incoherent cross section, which has a probability of 2/3 to flip the neutron

spin. The
(

dσ
dΩ

)
mag

is the magnetic cross section, which only detects the Fourier

component of the magnetization perpendicular to the scattering vector Q. The
magnetic scattering may or may not flip the neutron spin, depending on the rel-
ative direction between the neutron spin and the magnetization. When the neu-
tron spin is perpendicular to the Fourier component of the magnetization, it will
be flipped. When they are parallel to each other, the neutron spin is not flipped.
Consequently, the three scattering contributions can be unambiguously sepa-
rated.
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x yz neutron polarization experiments were performed on the D7 diffuse scat-
tering diffractometer [14] at the Institut Laue-Langevin (ILL), with an incident
neutron wavelength of 3.12 Å. The powder samples (≈ 10 grams) were put into
an aluminum hollow cylinder. Six spin-dependent scattering cross sections were
measured for x yz polarization analysis between 150 K � T � 500 K. The scatter-
ing cross sections were integrated for energy transfers ranging from about -10 to
8.5 meV. The instrument-dependent background was estimated from measure-
ments of an empty sample can and a cadmium sample. Amorphous quartz was
measured to establish the polarization efficiency for D7. Vanadium was mea-
sured to calibrate the detector efficiencies and to allow the scattering cross sec-
tions from the samples to be expressed in absolute units.

A schematic illustration of the neutron polarization analysis is shown in
Fig. 2.4. The incident neutron beam is polarized using a focusing Schärpf super-
mirror bender. During a non-spin-flip experiment (see Fig. 2.4(a)), the flipper
is off. The interaction between neutron and the sample may or may not influ-
ence the neutron spin, depending on the different scattering contributions, as
discussed above. Only the non-spin flipped neutrons can pass through the an-
alyzer. As a result, the measured scattering cross-section on the detectors is a
sum of scattering processes that do not flip the neutron spin. During a spin-flip
experiment (see Fig. 2.4(b)), the flipper is on and the measured scattering cross-
section is a sum of contributions that flip the neutron spin.

Figure 2.5 shows the geometry of the x yz-polarization analysis experiment
on the D7 diffuse scattering diffractometer [14], which has a planar multi-detector
in the x y plane. As a result, the incident and scattered neutron wavevectors ki

and k f and also the scattering vector Q are all constrained to lie in the x y plane.
During the experiment, the incident polarization is oriented alternately along
the orthogonal x, y and z directions. For each polarization experiment, the non-

spin-flip and spin-flip cross sections are measured. The non-spin-flip
(

dσ
dΩ

)N SF

and spin-flip
(

dσ
dΩ

)SF
cross sections for an x yz-polarization analysis measure-

ment can be expressed as [14–16]:

(
dσ

dΩ

)N SF

x
= 1

2
si n2α

(
dσ

dΩ

)
mag

+ 1

3

(
dσ

dΩ

)
si
+

(
dσ

dΩ

)
nuc

(2.8)

(
dσ

dΩ

)SF

x
= 1

2

(
1+ cos2α

)( dσ

dΩ

)
mag

+ 2

3

(
dσ

dΩ

)
si

(2.9)

(
dσ

dΩ

)N SF

y
= 1

2
cos2α

(
dσ

dΩ

)
mag

+ 1

3

(
dσ

dΩ

)
si
+

(
dσ

dΩ

)
nuc

(2.10)
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Figure 2.4: Schematic illustration of the non-spin-flip (a) and spin-flip (b) experiments.

Figure 2.5: The geometry of the x y z-polarization analysis experiment on D7 at ILL [14]. The in-
cident polarization is oriented alternately along the orthogonal x, y and z directions. The Schärpf
angle, α, is the angle between the scattering vector, Q, and the arbitrarily positioned x axis.
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(
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The magnetic cross section can independently be calculated in two ways
from the above equations:

dσ

dΩmag
= 2

[(
dσ

dΩ

)SF

x
+

(
dσ

dΩ

)SF

y

]
−4

(
dσ

dΩ

)SF

z
(2.14)

or

dσ

dΩmag
= 4

(
dσ

dΩ

)N SF

z
−2

[(
dσ

dΩ

)N SF

x
+

(
dσ

dΩ

)N SF

y

]
(2.15)

The nuclear and the spin-incoherent cross sections can be derived as

dσ

dΩnuc
= 1

6

[
2

(
dσ

dΩ

)N SF

tot al
−

(
dσ

dΩ

)SF

tot al

]
(2.16)

dσ

dΩ si
= 1

2

(
dσ

dΩ

)SF

tot al
− dσ

dΩmag
(2.17)

Consequently, the nuclear coherent and isotope incoherent cross sections,
magnetic cross section, and spin-incoherent cross section can unambiguously
be separated using the six x yz-polarization analysis experiments.
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3
TUNING THE MAGNETOELASTIC

TRANSITION IN (MN,FE)2(P,SI)
COMPOUNDS BY P/SI RATIO

Neutron diffraction experiments on the (Mn,Fe)2(P,Si)-type compounds reveal a
site preference of Si atoms in the hexagonal structure. The degree of ordering for
Si atoms depends on the Si/P ratio, while it is independent of the Mn/Fe ratio. The
ferromagnetic-paramagnetic magnetoelastic transition is closely related to the size
of the magnetic moment on the 3f site. A preferred occupation of Si atoms on the
2c site stabilizes and decreases the magnetic moment on the 3f and 3g site, respec-
tively, which is supported by the first-principle density function theory calcula-
tions. This effect, together with the contribution from the Si substitution-induced
changes in the interatomic distances, leads to a phase transition that is tuneable
in temperature and degree of first order in Mn1.25Fe0.70P1-xSix compounds. These
results provide us with further insight into the relationship between the magne-
toelastic phase transition and the local atomic coordination.
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BY P/SI RATIO

Figure 3.1: Schematic representation of (Mn,Fe)2(P,Si) crystal structure.

3.1. INTRODUCTION

T HE giant magnetocaloric effect (GMCE), associated with a first-order mag-
netoelastic transition, makes near room-temperature magnetic refrigeration

attractive as a highly efficient and environment-benign cooling technology [1–6].
The evolution of (Mn,Fe)2(P,Si) compounds from the Fe2P parent phase by par-
tially substituting Mn for Fe and Si for P brings tunable phase transition temper-
atures and GMCE [7–9]. Neutron diffraction experiments and first-principle cal-
culations indicate the preferential occupation of the two transition metal atoms
in the hexagonal structure (space group P 6̄2m) [10–13]. Mn prefers the 3g site
with five nonmetal nearest neighbours forming a square pyramid, while Fe favors
the 3f site surrounded by four nonmetal coordination atoms forming a tetrahe-
dron (see Figure 3.1). Strong and weak magnetism appears on the 3g and 3f site
respectively as a consequence of the different coordination environments.

The site preference of the nonmetal substitution atoms in Fe2P can be es-
timated based on the atomic radii [14]. Nonmetal atoms with a larger radius
than P (e.g., As and Si) are expected to occupy the 2c site, while those having a
smaller radius (e.g., B) prefer the 1b site. This prediction has been experimen-
tally confirmed in Fe2P by X-ray diffraction in the case of As substitution [15] and
by Mössbauer spectroscopy for B substitution [16]. However, no experimental
confirmation of the Si site preference in Fe2(P,Si)-type compounds was found.
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The first-order magnetoelastic transition in Fe2P-type compounds is accom-
panied by changes in the density of states (DOS) of the transition-metal 3d elec-
trons [9, 17, 18]. Mössbauer spectroscopy shows that Si substitution for P in
Fe2P changes the local electronic structure and hyperfine fields of its coplanar
Fe atoms [19]. Theoretical calculations in the (Mn,Fe)2(P,Si) yield higher Fe (Mn)
moments when a larger number of coplanar Si nearest neighbors is considered
[13]. The interatomic distances also significantly influence the chemical bond-
ing between nearest neighbours, leading to changes in the transition-metal band
structure and therefore magnetic moment [10, 18]. In addition, magnetization
measurements reveal that the ferromagnetic(FM)-paramagnetic(PM) phase tran-
sition temperature (TC) increases with increasing Si content in (Mn,Fe)2(P,Si) com-
pounds [8]. This implies that the FM state is stabilized by Si substitution. Con-
sequently, it is necessary to resolve the underlying relation between the tun-
able phase transition and the changes in local coordination environment around
transition metals in the Fe2P-type compounds upon nonmetal substitution.

In this chapter, temperature-dependent neutron diffraction experiments were
performed to monitor the evolution of local magnetic moments and interatomic
distances across the FM-PM phase transition in (Mn,Fe)2(P,Si) compounds. Par-
ticular attention is paid to the site preference of Si atoms and its influence on
local magnetic moments. Composition specific density function theory (DFT)
calculations were performed by Roy and de Groot to verify the experimental re-
sults. The influence of Si substitution on phase transition is discussed on the
basis of Si site preference and interatomic distances.

3.2. EXPERIMENTAL

T HE Mn1.25Fe0.70P1-xSix (x = 0.45, 0.50 and 0.55) compounds were prepared
as described in Chapter 2. Magnetic characterization was performed us-

ing the reciprocating sample option mode (RSO) in a superconducting quan-
tum interference device (SQUID) magnetometer (Quantum Design MPMS 5XL).
Calorimetry measurements were performed using a commercial Differential
Scanning Calorimeter (TA Instruments Q2000).

In situ time-of-flight neutron powder diffraction was measured on the Gen-
eral Materials Diffractometer (GEM) at the ISIS pulsed neutron source facility,
Rutherford Appleton Laboratory, UK. The sample as coarse powder (about 7 g)
was contained in an 8 mm diameter vanadium can, which was mounted in a cry-
ofurnace. The diffraction data were collected continuously from six banks dur-
ing the heating process. The heating rate was about 1 K/min. The temperature
ranges were: from 10 to 260 K for the x = 0.45 sample, from 160 to 300 K for the x =
0.50 sample and from 10 to 375 K for the x = 0.55 sample. Nuclear and magnetic
structure refinement of the neutron diffraction patterns were performed using
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Figure 3.2: Contour plots of neutron diffraction patterns for Mn1.25Fe0.70P1-xSix. The bar on the
right represents the normalised intensity scale.

Fullprof’s [20] implementation of the Rietveld refinement method.
For electronic structure calculations, the Projector Augmented Wave (PAW)

method implemented in the Vienna Ab-initio Simulation Package (VASP) [21]
was used. Exchange interactions were taken into account using the generalized
gradient approximation (GGA) by Perdew, Burke and Ernzerhof (PBE) [22]. The
Brillouin zone integration was done using a gamma centered k-point mesh of
3×3×8 k-points in the irreducible part of the Brillouin zone. The cutoff energy
of the augmentation function was taken as 500 eV and for smearing, a Gaussian
function was used. For all the calculations we relaxed the ionic positions with a
force convergence of 0.001 eV/Å for all the atoms. The energy convergence crite-
ria was set at 10−7 eV.

3.3. TUNABLE MAGNETOELASTIC TRANSITION

T HE temperature-dependent neutron diffraction patterns are shown in Fig-
ure 3.2 for the Mn1.25Fe0.70P1-xSix (x = 0.45, 0.50 and 0.55) compounds. All

compounds display a similar evolution of the unit cell parameters with increas-
ing temperature, i.e. a contraction in the ab plane and an expansion along the
c-axis. Besides, the diffraction peaks show a discontinuity at TC. This reveals
the first-order nature of the magnetoelastic transition for the Mn1.25Fe0.70P1-xSix

compounds studied here. With increasing Si content TC increases, while the first
order character of the phase transition, manifest in the jump of the peak po-
sitions, decreases. This is consistent with magnetization and X-ray diffraction
results previously obtained [8].

The specific heat was measured through the phase transition for the three
samples. As presented in Figure 3.3, the thermal hysteresis is strongly reduced
from 7 K to 1 K as Si content increases from 0.45 to 0.55, indicating the weakening
of the first-order character of the transition. The latent heat also decreases with
Si content, reflecting the decrease in the energy barrier associated with the phase
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Figure 3.3: Specific heat as a function of temperature for Mn1.25Fe0.70P1-xSix (x = 0.45, 0.50 and
0.55). The latent heat of transition for the 3 samples is shown in the inset. The dashed line is the
guide to the eye.

transition, in agreement with the thermal hysteresis trend observed. As a result,
substituting Si for P stabilizes the FM state of (Mn,Fe)2(P,Si) compounds, while it
weakens the first-order nature of the phase transition.
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Figure 3.4: Observed and calculated neutron diffraction pattern at the GEM (detector bank 6 with
< 2θ >≈ 154.40◦) for Mn1.25Fe0.70P0.55Si0.45. Vertical lines indicate the peak positions for nuclear
(top) and magnetic (middle) structure of the main phase, and the impurity phase (Mn,Fe)3Si (bot-
tom).

3.4. SITE OCCUPATION OF SI ATOMS

F IGURE 3.4 shows the neutron diffraction pattern of the x = 0.45 compound in
the FM state as an example. A good fit is obtained for a hexagonal structure

model (space group P 6̄2m) with magnetic moments within the ab plane.
The detailed structure parameters and magnetic moments derived from Ri-

etveld refinements can be seen in Table 3.1. For these Mn-rich samples, the neu-
tron diffraction results reveal a clear site preference of Mn and Fe: the 3g sites are
completely occupied by Mn atoms, while 72% of the 3f sites are taken up by Fe
and 28% by Mn. The observed site preference of Mn and Fe is in good agreement
with literature reports [10, 12, 13].

The distribution of Si on the 2c and 1b sites was further studied. The frac-
tion of Si on the 2c site with respect to the total Si content, hereafter referred
to f2c(Si), for the Mn1.25Fe0.70P1-xSix compounds is plotted in Figure 3.5. For the
present series of compounds, the f2c(Si) increases linearly with Si content. All
three compounds have a f2c(Si) higher than expected for a random Si distribu-
tion (f2c(Si) ≈ 67%), indicating a preferred occupation of Si on the 2c site rather
than the 1b site. The Si site preference is more pronounced in the higher Si-
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Figure 3.5: Fraction of Si on the 2c site in (Mn,Fe)2(P,Si) derived from neutron diffraction. The
solid line is the guide to the eye. The dashed line indicates the f2c(Si) in the case of a random Si
distribution.

substitution compounds. Interestingly, the f2c(Si) in Mn0.66Fe1.29P1-xSix (x = 0.34,
0.37 and 0.43) compounds [11] and in the Mn1.30Fe0.65P0.50Si0.50 compound [10]
also present the same behavior (see Figure 3.5). As a result, the Si distribution is
closely related to the Si content in the compounds, while it is independent of the
Mn/Fe ratio.
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The Si distribution was also studied by first-principle DFT calculations. A
2×2×1 supercell is built with lattice parameters a = 6.223 Å and c = 3.289 Å taken
from the neutron diffraction experiments for x = 0.55. The supercell contains
15 Mn, 9 Fe, 7 Si and 5 P atoms, with a composition Mn1.25Fe0.75P0.42Si0.58 close
to the x = 0.55 sample. Atomic configurations for different Si distributions on
the 2c and 1b sites are modeled by filling the 8 2c sites in the supercell with a
different number (3, 4, 5, 6 and 7) of Si atoms. The corresponding f2c(Si) are
3/7, 4/7, 5/7, 6/7 and 1. The total energy as a function of the f2c(Si) is presented
in Figure 3.6(a). The total energy decreases with increasing f2c(Si). This clearly
reveals that Si prefers the 2c sites instead of the 1b sites, in good agreement with
the experimental results and previous theoretical calculation reports [13, 23].

The site preference of Si on the 2c site can be understood by the non-metal
atomic size factor proposed by Rundqvist [14] since Si has a larger atomic radius
than P. However, this size factor is not observed in the case of As substitution in
the hexagonal (Mn,Fe)2P1-xAsx compounds. The substituted As atoms are sta-
tistically distributed on the 2c and 1b sites [24], although the atomic radius of
As is much larger than that of P. The strong contrast of the site occupation be-
tween As and Si likely arises from their different chemical properties. As and P
have the same number of valence electrons, while Si has less. Therefore, while
As substitution has no effect on the electronic environment, Si induces a signif-
icant electronic reconfiguration. As a result, Si atoms prefer to occupy the lower
energy 2c site.
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Figure 3.6: The influence of Si distribution on (a) total energy and (b) sublattice magnetic mo-
ments for Mn1.25Fe0.75P0.42Si0.58 from first-principle DFT calculations. The solid lines are guides
to the eye.
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Figure 3.7: Temperature dependence of magnetic moments derived from neutron diffraction for
Mn1.25Fe0.70P1-xSix. Total magnetic moments from magnetization measurements at 5 K are also
shown with the open symbols. The dotted lines indicate the position of TC for each sample.

3.5. THERMAL EVOLUTION OF MAGNETIC MOMENTS

F IGURE 3.7 displays the thermal evolution of the sublattice magnetic moments
derived from neutron diffraction measurements for Mn1.25Fe0.70P1-xSix com-

pounds. The magnetic moment on the 3f site shows an increasing trend with in-
creasing Si content, while the moment on the 3g site shows the opposite trend.
Since the moment in the 3g site is roughly double that of the 3f site, the total
moment decreases with increasing Si substitution, which is consistent with the
magnetization measurements.

All compounds display a similar temperature dependence of the magnetic
moments on the 3f and 3g sites. The moment on the 3g site is hardly influ-
enced by increasing temperature whereas the moment on the 3f site drops with
increasing temperature, particularly in the vicinity of TC. Besides that, previous
theoretical calculations [9] indicate that Fe moment on the 3f site is significantly
reduced after the ferro-paramagnetic magnetoelastic transition, while Mn on the
3g site still carries magnetic moment of over 2μB.These results demonstrate that
the magnetoelastic transition in Mn1.25Fe0.70P1-xSix compounds is closely linked
with the drop of the magnetic moment on the 3f site. However, the high-moment
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state of the 3f site persists to higher temperatures for the compounds contain-
ing more Si atoms. This gives us a clear evidence of the enhancement of the FM
state by Si substitution for P in Mn1.25Fe0.70P1-xSix compounds. Therefore, the
rise in TC of the FM-PM transition with increasing Si content (see Figure 3.2) can
be attributed to the stabilization of the magnetic moment on the 3f site.

The first-order phase transition behavior in the (Mn,Fe)2(P,Si)-type
compounds is closely related to the unique mixed magnetism of the system.
[9, 10] The preferred occupation of Si on the 2c site causes significant electronic
reconfiguration around the 3f and 3g sites, which stabilizes and decreases the
magnetic moment on the 3f and 3g site, respectively. This weakens the instabil-
ity of the moments on the 3f site and the strong magnetism on the 3g site. Thus,
by changing Si content the electronic structure is changed, allowing us to effec-
tively tune the mixed magnetism in the system and the phase transition charac-
ter. Consequently, the site preference of Si can tune the order of phase transition
while As atom, having the same number of valence electrons as P and thus being
statistically distributed, cannot [25, 26].

The Fe (Mn) magnetic moment formation is in competition with chemical
bonding in the Mn1.25Fe0.70P1-xSix compounds, which is strongly influenced by
the coordination environment around the Fe (Mn) atoms. Two main contri-
butions from the coordination atoms should be taken into consideration: the
atomic species and the interatomic distances. Figure 3.6(b) illustrates the mag-
netic moments on the 3f and 3g sites as a function of f2c(Si) obtained from the
DFT calculations. Higher and lower magnetic moments are predicted on the 3f
and 3g sites respectively when more Si atoms occupy the 2c sites. According to
the electronic structure calculations, (Mn,Fe)2(P,Si) has only Fe and Mn d elec-
trons close to the Fermi level, while P and Si p electrons are located far below
[13]. Electron transfer from the Fe and Mn d band to P and Si p band would be
expected to fill the P and Si p band, which enhances the splitting of the Fe and
Mn d band and thus increases the magnetic moment of the Fe and Mn supply-
ing the electrons. This electron transfer feature is more pronounced for coplanar
metal-nonmetal neighbors as indicated by the isomer shift in Mössbauer spec-
tra of Fe2(P,Si) compounds [19]. Since Si has less valence electrons than P, the
preferred occupation of Si on the 2c site would bring larger magnetic moments
on its coplanar 3f site. These results suggest that larger magnetic moments will
develop on the 3f or 3g site when there are more coplanar Si nearest neighbours,
which is in accordance with previous theoretical calculation results [13].
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Figure 3.8: Intralayer interatomic distances as a function of temperature derived from neutron
diffraction for Mn1.25Fe0.70P1-xSix. Dotted lines indicate the position of the normalized TC.
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3.6. INTERATOMIC DISTANCES

T HE interatomic distance also plays a crucial role in the competition between
magnetic moment and chemical bonding. The neutron diffraction exper-

iments reveal that compared with the interlayer interatomic distances, the in-
tralayer interatomic distances show a much stronger dependence on tempera-
ture or Si substitution. This probably arises from the reconfiguration of elec-
tronic structure during the phase transition or upon Si substitution taking place
mainly within the layer. The intralayer interatomic distances decrease with rising
temperature, as shown in Figure 3.8. As a result, the magnetic moments decrease
with increasing temperature due to the growing overlap of 3d states as well as
the enhanced metal-nonmetal hybridization (see Figure 3.7). Moreover, the in-
tralayer distances expand when more Si atoms replace P (see Figure 3.8). Larger
magnetic moments, therefore, are expected on the 3f and 3g sites for the higher
Si-containing compounds. This is confirmed by the neutron diffraction results
for the magnetic moment on the 3f site (see Figure 3.7). However, the observed
magnetic moment on the 3g site shows an unexpected decrease with increasing
Si substitution although the Mn(3g)-Mn(3g) distance expands. Such a deviation
can be understood by the increasing Si occupancy on the 2c site with increas-
ing Si content, as indicated in Figure 3.5. In the higher Si-containing samples,
less electron transfer occurs between the 3g-1b coplanar sites and it therefore
causes less moment to develop on the 3g site (see Fig 3.6b). As a consequence,
the changes in the sublattice magnetic moments induced by Si substitution are
the results of both Si site preference and the varying interatomic distances.

3.7. CONCLUSIONS

I N summary, the thermal evolution of sublattice moment and nuclear structure
in Mn1.25Fe0.70P1-xSix (x = 0.45, 0.50 and 0.55) have been monitored across the

magnetoelastic transition by means of temperature-dependent neutron diffrac-
tion. The Si distribution on the 2c and 1b sites in the hexagonal (Mn,Fe)2(P,Si)-
type compounds can be predicted based on the neutron diffraction results, which
is dependent on the Si/P ratio while independent of the Mn/Fe ratio. The FM-PM
magnetoelastic transition is accompanied by the decrease of the magnetic mo-
ment on the 3f site. The clear preference of Si to occupy the 2c site stabilizes and
decreases the magnetic moment on the 3f and 3g site, respectively, which is sup-
ported by the first-principle calculations. The intralayer interatomic distances
are expanded by Si substitution, which also enhances the magnetic moments on
the 3f sites. The phase transition with tunable degree of first order and critical
temperature in (Mn,Fe)2(P,Si)-type compounds is attributed to the Si site prefer-
ence in combination with changing interatomic distances.
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4
TUNING THE MAGNETOELASTIC

TRANSITION IN (MN,FE)2(P,SI)
COMPOUNDS BY B, C AND N

DOPING

The magnetoelastic transition in (Mn,Fe)2(P,Si) is tunable by doping the structure
with B, C and N atoms. Neutron diffraction experiments reveal that B substitutes
Si on the 1b site of the hexagonal P 6̄2m structure, C occupies the interstitial 6j
and 6k sites, while N distributes on both the 1b and interstitial 6j and 6k sites.
The tuning mechanism has been discussed in terms of the subtle variations in elec-
tronic configuration around the Fe atoms.

41
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4.1. INTRODUCTION

H EXAGONAL (Mn,Fe)2(P,Si)-type compounds [1–4] are, to date, the most
promising materials for refrigeration and energy conversion applications

due to the combination of a giant magnetocaloric effect (GMCE) and low mate-
rial costs. The GMCE in these compounds originates from a first-order magne-
toelastic transition (FOMT), i.e., the ferromagnetic (FM) to paramagnetic (PM)
transition is strongly coupled with a structure change [2, 5–7].

As indicated by density functional theory (DFT) calculations [2, 8, 9], the
FOMT in (Mn,Fe)2(P,Si)-type materials is associated with the electron-density re-
distribution around Fe atoms on the 3 f site in the hexagonal structure. Above the
ferromagnetic transition temperature TC , the magnetic moment of Fe is reduced
due to the strong electronic redistribution around the 3 f site. In contrast, the Mn
atoms occupying the 3g site display strong magnetism, and do not show a signif-
icant reduction in magnetic moment. The electronic configuration around the
3 f site is highly sensitive to its chemical environment, such as the neighboring-
atom species and interatomic distances [5, 10]. As a result, the critical temper-
ature as well as the character of FOMT may be tuned through subtle changes in
the atomic surroundings of the 3 f site.

The tunability of the FOMT, triggered by subtle changes in electronic config-
uration, has already been demonstrated by varying the Mn/Fe and P/Si ratios
in (Mn,Fe)2(P,Si) alloys [2, 11, 12]. Another effective way of tuning the FOMT
is through B doping in (Mn,Fe)2(P,Si) [4], although the structural origin of the
tuning by B doping is still unclear. In this chapter, it is shown that the FOMT
of (Mn,Fe)2(P,Si) can also be tuned by doping with C and N atoms. As C and N
are much cheaper than B, they are consequently more promising for large-scale
commercial applications. Neutron diffraction is employed to resolve the occu-
pancy of B, C and N dopants in the structure, which allows us to explore the re-
lation between structural changes and the tunability of the FOMT. The variation
in electronic configuration around the magnetic atoms can be used to tailor the
magnetoelastic transition in many materials.

4.2. EXPERIMENTAL

S AMPLES with nominal compositions MnFe0.95P0.67Si0.33 (parent compound),
MnFe0.95P0.67Si0.33Bx (x = 0.03 and 0.06) and MnFe0.95P0.67Si0.33Ny (y = 0.02

and 0.06) were prepared by ball milling, as described in Chapter 2.
MnFe0.95P0.67Si0.33Cz (z = 0.05 and 0.10) alloys were prepared by melt-spinning,
as described in Chapter 2. The starting materials were Mn, Fe, P, Si, Fe3N, C and
B11 (isotope) powders with a purity higher than 99.9%. The concentration of C
and N in the as-prepared samples were evaluated by the combustion method on
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Table 4.1: The C and N concentrations in the as-prepared samples from elemental analysis.

Nominal composition Nominal w.t.% Measured w.t.%
MnFe0.95P0.67Si0.33C0.05 0.43 0.501

MnFe0.95P0.67Si0.33C0.10 0.86 0.951

MnFe0.95P0.67Si0.33N0.02 0.20 0.191

MnFe0.95P0.67Si0.33N0.06 0.60 0.551

a LECO elemental analyzers. The results from the elemental analysis are summa-
rized in Table 4.1, which are in good agreement with the nominal compositions.

Magnetic properties were characterized using a superconducting quantum
interference device (SQUID) magnetometer (Quantum Design MPMS 5XL). Time-
of-flight powder neutron diffraction data were collected at room temperature
on the General Materials Diffractometer GEM [13] at the ISIS pulsed spallation
neutron source, Rutherford Appleton Laboratory, UK. For each sample, approxi-
mately 10 g of powder was loaded into an 8 mm diameter thin-walled vanadium
sample can and data collected for 225 microAmp·hour proton beam current on
the ISIS neutron target. Structure refinement was performed using Fullprof’s im-
plementation of the Rietveld refinement method [14] using the data collected in
all 6 GEM detector banks.

4.3. TUNABLE MAGNETOELASTIC TRANSITION

F IGURE 4.1 shows the temperature-dependent magnetization of the parent
and doped compounds. The samples were first cooled in an applied field of

1 T to 5 K, where the magnetization data were collected upon heating up to 350
K before cooling down again to 5 K. After that, isothermal magnetization curves
were measured at 5 K for applied fields up to 5 T.

As shown in Fig. 4.1(a), a remarkable thermal hysteresis of about 76 K is ap-
parent for the parent alloy, characteristic for the strong first-order nature of the
FOMT. The thermal hysteresis is significantly reduced to 17 K by doping with 3
at.% B and to 5 K by doping with 6 at.% B. A strong increase in TC is observed
for B doping. Similar effects on the thermal hysteresis and TC are also found
upon C doping (see Fig. 4.1(c)), although the influence on the thermal hysteresis
is less pronounced compared to B doping. Additionally, the saturated magnetic
moment of MnFe0.95P0.67Si0.33 is slightly reduced by B doping, while it is hardly
influenced by C doping, as shown in Fig.4.1(b) and (d).

Compared to C and B, a striking difference in the influence on the FOMT
is observed for N doping. The TC shifts to lower temperatures upon N doping,
while the thermal hysteresis increases (see Fig. 4.1(e)). Another interesting fea-
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Figure 4.1: Magnetization as a function of temperature for MnFe0.95P0.67Si0.33 (parent
compound) and for different B (a), C (b) and N (c) doping concentrations. (d-f) The
corresponding isothermal magnetization curves as a function of applied field at 5 K. Note that the
magnetization of the 6 at.% N-doped sample is magnified by a factor of 5 for clarity.
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ture of N-doped materials is the notable drop in saturation magnetization at 5 K.
The isothermal magnetization curves (see Fig. 4.1(f)) of the N-doped materials
also have a different shape than the parent and B and C doped samples. Such
an anomaly is due to the kinetic arrest of the FOMT, as presented in Chapter
7. The FOMT in (Mn,Fe)2(P,Si)-type materials can be kinetically arrested under
certain conditions, leading to a coexistence of a metastable spin-density wave
(SDW) phase and a stable ferromagnetic phase below TC . The rapid increase
in magnetization of the 2 at.% N-doped material with increasing magnetic field,
as presented in Fig. 4.1(f), is related to the metamagnetic transformation of the
metastable SDW phase into the equilibrium FM phase.

4.4. SITE OCCUPATION OF DOPANT ATOMS

D UE the strong magnetoelastic coupling in (Mn,Fe)2(P,Si)-type materials, vari-
ations in TC and the hysteresis of the PM-FM transition are the result of

structural changes upon B, C and N doping. Resolving the occupation of these
light dopants in the structure and its influence on the electronic state of the 3 f
site is essential to understand the resultant changes in the FOMT.

These light dopants can be well detected and distinguished from other con-
stituents by neutron diffraction. In Fig. 4.2(a), the neutron diffraction pattern for
MnFe0.95P0.67Si0.33C0.10 is shown as an example. The diffraction patterns from
all samples could be fitted with the Fe2P-type hexagonal structure (space group
P-62m) with 4 different crystallographic sites, i.e., the 3 f and 3g sites for Mn and
Fe atoms and the 2c and 1b sites for P and Si atoms, respectively (see schematic
illustration in Fig. 4.2(b)). Non-metal dopants may substitute P/Si on the 2c/1b
sites, with a specific site preference (depending on the atomic radius of the dopant
[15]) or occupy interstitial sites. Since B, C and N atoms have a smaller atomic
radius than P and Si, the unit cell will shrink in the case of substitution, while it
will expand for the occupation of interstitial sites.

The structure refinements show that B substitutes Si on the 1b site, while C
occupies the interstitial 6 j and 6k sites (illustrated in Fig. 4.2(b)). This is con-
sistent with a contraction of the unit cell for B doping and an expansion for C
doping. Previous DFT calculations show that Si prefers to occupy the 2c site (in-
stead of the 1b site) in the hexagonal structure, which is confirmed by neutron
diffraction experiments [5]. As Si atoms prefer to occupy the 2c site, B substitu-
tion for Si on the 1b site stabilizes the whole structure. The occupation of B and
C dopants has also been studied in Fe2P with the same crystal structure, where
B and C are both found to occupy the 1b site [16, 17]. The discrepancy in site oc-
cupation for C in Fe2P and (Mn,Fe)2(P,Si) may be attributed to the different local
environment around the 1b, 6 j and 6k sites in these two materials.
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Figure 4.2: (a) Fitted powder neutron diffraction pattern for MnFe0.95P0.67Si0.33C0.10 collected at
the GEM (detector bank 6 with < 2θ >≈ 154.40◦). Red circles indicate observed data points; black
line indicates calculated profile; blue line indicates difference (obs-calc); vertical lines indicate
Bragg peak positions. (b) Schematic representation of (Mn,Fe)2(P,Si)-type structure in the basal
plane at z = 0 and z = 1/2.
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The structural parameters derived from the Rietveld refinement are summa-
rized in Table 4.2. It should be noted that less than 1 wt.% of the Fe3Si-type im-
purity phase is found in the samples. The distribution of Mn and Fe atoms in the
hexagonal structure has not been influenced by B and C doping. For an increase
in B concentration, the Si and P occupation on the 2c site is hardly influenced,
while the amount of Si on the 1b site is decreased. The introduced C atoms are
found to be statistically distributed over the 6 j and 6k sites without changing the
atomic distribution of P and Si in the structure.

Since N has a smaller atomic radius than C, one would expect that N also
enters interstitial sites like C. However, the unit-cell volume remains almost un-
changed after N doping, as shown in Fig. 4.3(a). About 20% of the N atoms enter
the 1b site while the rest enters the 6k and 6 j interstitial sites (see Table 4.2).
The competition between the effect of interstitial and substitutional N doping
makes the unit-cell volume almost constant. Fig. 4.3(b) presents the evolution of
lattice parameters upon B, C and N doping. The unit cell shows a clear contrac-
tion along the c-axis and an expansion within the ab-plane upon B and C dop-
ing. However, the lattice parameters show no significant change upon N doping,
which may be due to the compensating effect of the interstitial and substitu-
tional occupation of N in the structure.
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Figure 4.3: Lattice parameters (a) and unit-cell volume (b) as a function of the B, C and N
concentration for for MnFe0.95P0.67Si0.33. Solid lines are a guide to the eye.
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4.5. INTERATOMIC DISTANCES

T HE electronic reconfiguration around the Fe atoms on the 3 f site is at the
core of the FOMT in the (Mn,Fe)2(P,Si)-type compounds. A detailed study of

atomic distances between Fe and its neighboring atoms can provide insights into
the relationship between the tunability of the FOMT and the structural changes
induced by B, C and N doping.

As shown in Fig. 4.4(a) and (b), the introduction of B increases the atomic
distance between Fe and its nearest Fe and Si atoms on the same layer, which
hinders the overlap of Fe-Fe 3d electrons and the formation of the Fe-Si chemical
bonds. In addition, the shortening of the Fe(3 f )-Mn(3g ) distance (see Fig. 4.4(c))
enhances the magnetic interaction between Fe and Mn atoms. These structural
changes as a result of the B doping promote the formation and development of
the Fe moment on the 3 f site, leading to an increase in the FM transition tem-
perature. The enhancement of the Fe moment weakens the unique mixed mag-
netism in (Mn,Fe)2(P,Si). A similar effect is also observed when the Si/P ratio
increases [5].

The occupation of C atoms on the interstitial 6 j and 6k sites increases the
Fe-Fe and Fe-Si distance within the basal plane (see Fig. 4.4(a) and (b)), while it
has little influence on the interlayer Fe-Mn distance (see Fig. 4.4(c)). This will
reduce the chemical bonding between Fe and its neighbors and stabilize the Fe
moment. According to DFT calculations [5, 17] and Mössbauer experiments [18],
charge transfer predominantly occurs between the Fe atoms on the 3 f site and
their neighboring non-metal atoms on the same basal plane. Charge transfer
may occur from the Fe on the 3 f site to the coplanar C atom on the 6 j site in or-
der to fill the p band of C, which increases the splitting of the Fe d band and thus
enhances the Fe moment. On the other hand, the possible p-d hybridization be-
tween Fe(3 f ) and C(6 j ) will suppress the Fe moment. The competition between
these two opposite effects finally gives rise to the increase in TC upon C doping.
Compared to B and C, a smaller influence on the Fe-Fe, Fe-Si and Fe-Mn distance
(see Fig. 4.4(a)-(c)) is observed for N doping. However, the short Fe(3 f )-N(6 j )
distance observed in Fig. 4.4(d) (much shorter than the Fe(3 f )-C(6 j ) distance)
strongly enhances the p-d hybridization between Fe and N(6 j ). As a result, the
TC of the FOMT is reduced upon N doping.
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Figure 4.4: Interatomic distances as a function of the B, C and N concentration for
MnFe0.95P0.67Si0.33. Solid lines are a guide to the eye.
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4.6. CONCLUSIONS

T HE magnetoelastic transition of (Mn,Fe)2(P,Si) can be tuned by doping with
B, C and N atoms. The site occupation of these light dopants in the crystal

structure is resolved by neutron diffraction. B substitutes Si on the 1b site, while
C occupies the interstitial 6 j and 6k sites in the hexagonal structure. N atoms
distribute on both on the 1b and the interstitial 6 j and 6k sites. The tuning effect
on the FOMT is caused by subtle variations in the electronic configuration, which
in turn tailor the mixed magnetism responsible for the excellent magnetocaloric
properties in these compounds.
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5
THERMAL-HISTORY DEPENDENT

MAGNETOELASTIC TRANSITION IN

(MN,FE)2(P,SI) COMPOUNDS

The thermal-history dependence of the magnetoelastic transition in (Mn,Fe)2(P,Si)
compounds has been investigated using high-resolution neutron diffraction. As-
prepared samples display a large difference in paramagnetic-ferromagnetic (PM-
FM) transition temperature compared to cycled samples. The initial metastable
state transforms into a lower-energy stable state when the as-prepared sample
crosses the PM-FM transition for the first time. This additional transformation
is irreversible around the transition temperature and increases the energy bar-
rier which needs to be overcome through the PM-FM transition. Consequently the
transition temperature on first cooling is found to be lower than on subsequent cy-
cles characterizing the so-called “virgin effect”. High-temperature annealing can
restore the cycled sample to the high-temperature metastable state, which leads to
the recovery of the virgin effect. A model is proposed to interpret the formation and
recovery of the virgin effect.
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Figure 5.1: Temperature-dependent (a) magnetization and (b) specific heat during the first, sec-
ond and third thermal cycle of as-prepared Mn1.0Fe0.95P0.60Si0.40 sample.

5.1. INTRODUCTION

H EXAGONAL Fe2P-type compounds, showing a strong spin-lattice coupling
and a giant magnetocaloric effect, are of great interest for scientists working

on both fundamental research and technological applications. [1–8]
(Mn,Fe)2(P,Si) compounds display a first-order paramagnetic-ferromagnetic
(PM-FM) transition coupled with the discontinuous changes in the lattice pa-
rameters. [4, 5, 9] The character of the phase transition and the critical tempera-
ture can be easily tuned by balancing the Mn/Fe and P/Si ratios.[10] Interestingly,
the magnetoelastic transition in the (Mn,Fe)2(P,Si) compounds shows a peculiar
thermal-history dependence. As illustrated in Fig. 5.1, the as-prepared sam-
ple has a significantly lower phase transition temperature (TC) upon first cool-
ing than on second and subsequent cooling cycles. Since this behavior is only
observed in as prepared or virgin samples it is termed the “virgin effect”. Sim-
ilar behavior has also been reported in MnAs-based [11], MnCoGe-based [12],
(Mn,Fe)2(P,Ge) [13, 14] and (Mn,Fe)2(P,Si,Ge) [15] compounds.

The difference in TC between the first and second cooling processes of the
as-prepared sample, hereafter referred to as ΔTCi, is taken as a measure of how
strong the virgin effect is. ΔTCi values of about 6 K and 13 K were observed in
as-prepared MnAs-based and MnCoGe-based compounds, respectively. The vir-
gin effect in these two compounds was proposed to be due to the big volume
change (about 2% and 4%) accompanying the magnetostructural transition.[11,
12] However, (Mn,Fe)2(P,Si) has a stronger virgin effect with a ΔTCi of about 15
K, while the volume change at the magnetoelastic transition is less than 0.2%.
Zhang et al.[16] suggested that the virgin effect in (Mn,Fe)2(P,Si) is due to the
swapping of atomic positions during the first cooling of an as-prepared sample,
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although no experimental evidence was found. Based on temperature-dependent
Mössbauer experiments, Liu et al.[13] proposed that the virgin effect observed in
(Mn,Fe)2(P,Ge) may originate from an additional irreversible structural change
during the first cooling process of an as-prepared sample. Höglin et al.[17] also
attributed the virgin effect in (Mn,Fe)2(P,Si) to irreversible structural changes.

In this chapter, the temperature-dependent high-resolution neutron diffrac-
tion was performed to monitor the changes in structural parameters, especially
the interplanar spacing, during the first and second thermal cycle of an
as-prepared (Mn,Fe)2(P,Si) sample. A recovery of the virgin effect induced by
thermal activation was observed experimentally. The virgin effect in (Mn,Fe)2(P,Si)
can be attributed to the presence of an irreversible structural transformation.

5.2. EXPERIMENTAL

T HEMn1.0Fe0.95P0.60Si0.40 compound was prepared as described in Chapter 2.
The magnetic properties were characterized using a superconducting quan-

tum interference device (SQUID) magnetometer (Quantum Design MPMS 5XL)
in the reciprocating sample option (RSO) mode. The specific heat was measured
using a commercial differential scanning calorimeter (TA Instrument Q2000) op-
erated at the standard mode. In-situ neutron diffraction experiments were car-
ried out on the time-of-flight high-resolution powder diffractometer (HRPD) at
the ISIS pulsed neutron source facility, UK. This instrument has a Δd/d resolu-
tion of ∼ 4×10−4, which allows us to accurately study the changes in the interpla-
nar spacings inside the sample through the phase transition. Neutron diffraction
data were collected from three banks after thermal equilibrium at the following
temperatures: 300, 185 (∼ TC) and 120 K for the 1st cooling; 300, 200 (∼ TC) and
120 K for the 2nd cooling. Nuclear and magnetic structure refinement of the neu-
tron diffraction patterns was performed using the Rietveld method implemented
in Fullprof [18].

5.3. STRUCTURAL CHANGES DURING THERMAL CYCLING

F IGURE 5.2(a) displays a neutron diffraction pattern of the as-prepared
Mn1.0Fe0.95P0.60Si0.40 compound measured at 300 K, as an example. Good

agreement between the experimental and calculated patterns was achieved as-
suming a hexagonal Fe2P-type structure (space group P 6̄2m). Structural param-
eters calculated from the Rietveld refinement are summarized in Fig. 5.2(b)-(d)
and Table 5.1. As shown in Fig. 5.2(b) and Table 5.1, at 300 K the as-prepared sam-
ple has lattice parameters, atomic positions and occupancies very close to those
after the first thermal cycle. The evolution of the lattice parameters also shows a
similar behavior during the first two cycles, although a significantly lower TC is
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Figure 5.2: (a) Observed and calculated neutron diffraction patterns at the HRPD (detector bank 1
with < 2θ >≈ 168.33◦) for as-prepared Mn1.0Fe0.95P0.60Si0.40. Vertical lines indicate the peak po-
sitions for the main phase (top) and the impurity phase (Mn,Fe)3Si (bottom). Evolution of lattice
parameters (b) and deviation of interplanar spacing of (220) atomic planes (c) and (002) atomic
planes (d) during the first and second cooling of the as-prepared sample. The dotted line indicates
the position of TC.

observed for the first cooling.
It should be noted that the lattice parameters, atomic positions and occupan-

cies obtained from the Rietveld refinement correspond to averages.[19–21] Lo-
cal variations only contribute to the peak width. The local variations can be
characterized by the variations in interplanar spacing, i.e., Δd/d . This quan-
tity can be obtained using an anisotropic peak broadening model [22] to de-
scribe the peak shape of our high-resolution neutron diffraction patterns. The
temperature-dependent Δd/d of (220) and (002) planes corresponds to varia-
tions within the basal ab plane and along the c axis, respectively (Fig. 5.2(c)
and (d)). At 300 K the as-prepared sample has much higher Δd/d values for the
(220) and (002) planes than after undergoing thermal cycling. The difference is
more pronounced along the c axis. A drop in Δd/d was observed around TC (see
Fig. 5.2(c) and (d)) during the first cooling. On the contrary, a reversible jump in
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Table 5.1: Structural parameters of Mn1.0Fe0.95P0.60Si0.40 at 300 K. Space group: P 6̄2m. Atomic
positions: 3 f (x1,0,0); 3g (x2,0,1/2); 2c (1/3,2/3,0) and 1b (0,0,1/2).

Parameters As-prepared state After first cycle
3f x1 0.2538(2) 0.2538(2)

n(Fe)/n(Mn) 0.225/0.025(1) 0.225/0.025(1)
3g x2 0.5902(4) 0.5895(4)

n(Mn)/n(Fe) 0.238/0.012(1) 0.238/0.012(1)
2c n(P)/n(Si) 0.094/0.073(4) 0.094/0.073(4)
1b n(P)/n(Si) 0.056/0.027(4) 0.056/0.027(4)

Rp(%) 3.43 3.63
wRp(%) 4.18 4.33

χ
2 3.69 3.87

Δd/d around TC appears during the second and subsequent cooling processes.
This indicates that atoms in the as-prepared sample show a larger spread around
their equilibrium crystallographic site, while the spatial variations become sig-
nificantly smaller when the sample crosses the PM-FM transition for the first
time. This additional atomic reconfiguration may increase the energy barrier to
be overcome during the first PM-FM phase transition, which leads to a lower TC.
The subtle atomic reconfiguration is irreversible. As a result, a different TC on
cooling can only be observed when the as-prepared sample crosses the phase
transition for the first time, being stabilized afterwards. The reversible jump in
the Δd/d around the TC during the subsequent thermal cycles is due to the lat-
tice distortion caused by the first-order magnetoelastic transition. Consequently,
the same TC is observed during the second and subsequent cooling processes.

5.4. RECOVERY OF THE VIRGIN EFFECT

T HE difference in atomic configuration between the as-prepared and cycled
samples can be understood by considering the thermal history of the sam-

ple. As-prepared samples undergo a high-temperature sintering and annealing
process where the high-temperature phase may be frozen and preserved at lower
temperatures. However, the frozen high-temperature phase with a higher struc-
tural disorder is not stable at low temperatures and transforms to a more or-
dered stable phase when the sample crosses the PM-FM phase transition for the
first time. This structural transition is irreversible at low temperatures since the
activation energy cannot be reached, while high temperature annealing should
provide enough energy to restore the initial high-temperature phase. As a con-
sequence, the virgin effect may be recovered. To test this hypothesis, the as-
prepared sample was first thermally cycled a few times using liquid nitrogen to
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eliminate the virgin effect. Subsequently, the cycled samples were re-annealed
at different temperatures for 2 hours before being quenched into water.

The temperature-dependent magnetization of the re-annealed samples is
shown in Fig. 5.3, from which the ΔTC as a function of re-annealing tempera-
ture (Ta) can be obtained (see Fig. 5.4(a)). No detectable shift in TC between the
first and second cooling can be observed when Ta is lower than 573 K. At 673 K,
a ΔTC of about 2 K appears, indicating the start of the structural recovery pro-
cess. ΔTC increases slowly until Ta ≈ 1123 K. Above this temperature the recov-
ery process accelerates with increasing re-annealing temperature. ΔTC is fully
recovered at Ta from 1298 K up to the original sintering temperature of 1373 K.
Another feature that can be seen from Fig. 5.3 is that the PM-FM transition of the
1298 K re-annealed sample is much sharper than the as-prepared and the low-
Ta re-annealed ones. This is due to better compositional homogeneity obtained
after the high-temperature re-annealing process.
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Figure 5.3: Isofield magnetization measured at a field of 1 T during the first and second thermal
cycle of the Mn1.0Fe0.95P0.60Si0.40 samples re-annealed at different temperatures.
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Figure 5.4: (a) ΔTC and (b) energy difference as a function of re-annealing temperature.
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5.5. THERMODYNAMIC MODEL

A S discussed above, the as-prepared sample has a higher structural disorder
that results in an additional irreversible structural transition during the first

cooling process. High temperature annealing can restore the metastable phase,
and consequently recover the virgin effect. Based on these results, we propose a
model to describe the virgin effect in (Mn,Fe)2(P,Si) compounds.

The high thermal activation energies accessible at elevated temperatures al-
low atoms to occupy positions which deviate from the crystallographic site de-
scribed in Table 5.1. There may be two or multiple equivalent energy states in
the system at high temperature, which correspond to different atomic coordi-
nates in the structure. Currently, with the experimental error at hand we cannot
determine how many sites are involved. In the present model, it is assumed that
there are two energetically degenerated states in the system, as illustrated in Fig.
5.5(a). The high-temperature atomic configuration may be preserved in the as-
prepared sample after high-temperature sintering and annealing. However, the
energy profile has changed at low temperature. The states 1 and 2 are not en-
ergetically equivalent probably due to a Jahn-Teller type distortion[23, 24]. An
energy difference ΔE appears between state 1 and state 2, see Fig. 5.5(b)). The
ΔE is related to the populations N1 and N2 of states 1 and 2, respectively, by the
Boltzmann factor N2/N1 = e−ΔE/RT . R is the gas constant. The strength of vir-
gin effect depends on the relative populations of the two states, which can be
described as

ΔTC = 2N2ΔTCi

N1 +N2
= 2ΔTCi

1+eΔE/RT
(5.1)

whereΔTC andΔTCi are the difference in TC between the first and second cooling
for the re-annealed and as-prepared samples, respectively. Using Eq. (5.1) and
the data in Fig. 5.4(a), the effective energy difference at different temperatures is
calculated and shown in Fig. 5.4(b). The ΔE is almost constant around 15 kJ/mol
when the reannealing temperature is below 1123 K. Beyond 1123 K, a sudden
drop in the ΔE appears. State 1 and 2 become energetically equivalent when the
reannealing temperature is above 1298 K.

As illustrated by Fig. 5.5(b) and (c), during the first cooling of the as-prepared
sample, the frozen high-temperature metastable phase transforms to a stable
phase through the atomic reconfiguration caused by the magnetoelastic phase
transition. After the first thermal cycle only state 1 is occupied (see Fig. 5.5(c)),
i.e., N1 = 1 and N2 = 0, which results in a more ordered state as observed by neu-
tron diffraction. The structural transition is irreversible at low temperatures be-
cause of the low thermal energy and the high energy barrier. Therefore around
room temperature the ΔTC is always 0 after the first thermal cycle. When the cy-
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Figure 5.5: Schematic diagram of free-energy profiles for (Mn,Fe)2(P,Si) during thermal cycling.
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cled sample is re-annealed at intermediate temperatures (between 673 and 1123
K as indicated in Fig. 5.4), thermal energy is enough to start overcoming the en-
ergy barrier between states 1 and 2. As a result, N2 increases gradually and so
does ΔTC. At elevated temperatures (above 1123 K), the high-temperature struc-
ture without Jahn-Teller type distortion recovers rapidly, leading to a sudden
drop in the energy difference and a significant rise in the ΔTC. As Ta goes above
1298 K, the initial high-temperature structure with equivalent energy states (Fig.
5.5a) is restored and the virgin effect is fully recovered. It should be noted that
the ΔTC shows a time-dependent behavior at high temperatures, but this would
not change the overall physical picture illustrated in Fig. 5.5.

The virgin effect of MnCoGe-based and MnAs-based compounds may also
originate from a metastable state in the as-prepared sample. As-prepared
MnCoGe-based compounds have a hexagonal structure, which is formed at room
temperature by quenching the sample from high temperature.[25, 26] The frozen
high-temperature phase may have higher disorder giving rise to the virgin effect
in a similar way as in Fe2P-based compounds. MnAs-based compounds crys-
tallize in a re-entrant orthorhombic structure, while showing the same hexago-
nal structure at both high and low temperatures.[27, 28] The structural transi-
tion between the high-temperature hexagonal and the re-entrant orthorhombic
phase may cause structural distortions in the as-prepared orthorhombic struc-
ture, which increases the energy barrier of the magnetostructural transition be-
tween re-entrant orthorhombic and low-temperature hexagonal phases. During
the subsequent thermal cycles, the distorted orthorhombic phase does not ap-
pear again since the sample does not enter the high-temperature hexagonal re-
gion. As a result, a lower TC is observed only when the as-prepared MnAs-based
compound undergoes the orthorhombic to low-temperature hexagonal transi-
tion for the first time.

5.6. CONCLUSIONS

I N conclusion, the unusual thermal-history dependent phase transition be-
havior in as-prepared (Mn,Fe)2(P,Si) compounds, called the “virgin effect” was

studied. The virgin effect is found to be related to a metastable state preserved
in the as-prepared sample after high-temperature annealing. The as-prepared
sample shows larger variations in the atomic positions, as suggested by a struc-
ture analysis. The metastable phase transforms irreversibly to the stable low-
temperature phase during the paramagnetic-ferromagnetic transition upon first
cooling and is afterwards stabilized. Due to this additional transformation the
energy barrier which needs to be overcome at the first cooling transition is higher
and a lower TC is observed in relation to subsequent cooling processes. High
temperature annealing can restore the high-temperature metastable state, which
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leads to the recovery of the “virgin effect”. Due to the change in TC at the first-
cooling transition, the as-prepared (Mn,Fe)2(P,Si) compounds should be precooled
to remove the virgin effect before being used in magnetic refrigerators and power
generators.
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6
SHORT-RANGE MAGNETIC

CORRELATIONS AND SPIN

DYNAMICS IN THE PARAMAGNETIC

REGIME OF (MN,FE)2(P,SI)
COMPOUNDS

The spatial and temporal correlations of magnetic moments in the paramagnetic
regime of (Mn,Fe)2(P,Si) have been investigated by means of polarized neutron
diffraction and muon-spin relaxation techniques. Short-range magnetic correla-
tions are present at temperatures far above the ferromagnetic transition tempera-
ture (TC ). This leads to deviations of paramagnetic susceptibility from Curie-Weiss
behavior. These short-range magnetic correlations extend in space and slow down
with decreasing temperature, and finally develop into long-range magnetic order
at TC .

69
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Figure 6.1: Schematic representation of the crystal and magnetic structure for (Mn,Fe)2(P,Si).

6.1. INTRODUCTION

T HE ferromagnetic transition in (Mn,Fe)2(P,Si) compounds is tied to a struc-
ture change due to a strong magnetoelastic coupling without altering the

symmetry [1]. A giant magnetocaloric effect is accompanied with the magnetoe-
lastic transition, which makes this material system promising for refrigeration
and power conversion applications [2, 3] By balancing the Mn:Fe and P:Si ratios
[2], the GMCE can be achieved in a wide composition range, to cover an exten-
sive range of working temperatures required for real applications.

The (Mn,Fe)2(P,Si) compound crystallizes in a hexagonal Fe2P-type structure
(space group P 6̄2m) [1], as illustrated in Fig. 6.1. Fe atoms preferentially occupy
the tetrahedral 3 f site, while Mn prefers the pyramidal 3g site [1, 4]. The na-
ture of the ferromagnetic (FM) state, e.g. the magnitude and orientation of the
magnetic moments, has been studied intensively using neutron diffraction tech-
niques [1, 5–7]. As shown in Fig. 6.1, both the Mn and Fe moments lie within the
basal ab plane in the FM phase.

A unique case of mixed magnetism has been revealed in the (Mn,Fe)2(P,Si)
compound by density functional theory (DFT) calculations [2]. Above the ferro-
magnetic transition temperature TC , the Mn atoms on the 3g sites do not show a
significant reduction in magnetic moment. In contrast, the Fe moment changes
from a partially quenched value into a large value at the ferromagnetic transi-
tion. The DFT calculations [2] indicate that the P and Si atoms play a crucial role
in the formation of a sizable magnetic moment for the Fe atoms. In the paramag-
netic (PM) state, a covalent bond is formed between the Fe and the neighboring
P and Si atoms. As a result, the Fe moment is partially quenched. However, in
the FM state, Fe carries a large magnetic moment instead of forming chemical
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bonds, due to the redistribution of electron density between the Fe and the P
and Si atoms.

Magnetic measurements in the PM regime of (Mn,Fe)2(P,Si) compounds [7]
show that the PM susceptibility strongly deviates from the Curie-Weiss law, which
has also been observed in other Fe2P-type compounds [8–10]. This suggests the
presence of a sizable short-range magnetic order in the PM state of the Fe2P-
type compounds. Polarized-neutron diffraction studies on the Fe2P parent com-
pound confirm the existence of short-range magnetic correlations above TC [11,
12]. A magnetic correlation length of about 12.6 Å was derived for Fe2P at T =
3.7TC . Transverse-field muon-spin rotation and relaxation (μSR) experiments
on the Fe2P compound [13] reveal the absence of magnetic correlations with a
lifetime longer than 10−10 s above a temperature of 1.05TC . Compared to Fe2P,
stronger magnetic correlations are expected in the PM state of (Mn,Fe)2(P,Si) due
to the larger magnetic moment of Mn on the 3g site [2, 14].

However, how the unusual transition in Fe moment develops from short-
range magnetic correlations is still unknown and not accessible by DFT calcu-
lations. Also, the influence of short-range magnetic correlations on the nature of
the transition is not well understood. The work presented in this chapter aims
to characterize the development of short-range magnetic correlations on both
length- and time-scales in the PM regime of the (Mn,Fe)2(P,Si) compounds with
both first and second order phase transitions, and further explore their roles in
the magnetoelastic transition. Two compositions, which show first- and second-
order phase transitions, respectively, were selected for the current study accord-
ing to the previously derived compositional map [2].

x yz neutron polarization analysis [15–17] was performed in the PM regime
of the (Mn,Fe)2(P,Si) compounds. The unambiguous separation of the magnetic
scattering cross section from the nuclear and spin-incoherent contributions al-
lows us to characterize the spatial correlations of magnetic spins in the PM state.
Zero-field muon-spin relaxation experiments were used to study the dynamics
of the spin correlations in the PM regime. Consequently, this study contributes
to a better understanding of the magnetoelastic phase-transition on both length-
and time-scales.

6.2. EXPERIMENTAL

P OLYCRYSTALLINE samples with nominal compositions Mn1.00Fe0.95P0.67Si0.33

and Mn1.70Fe0.25P0.50Si0.50 were prepared as described in Chapter 2. AC sus-
ceptibility measurements were performed on a superconducting quantum inter-
ference device (SQUID) magnetometer (Quantum Design MPMS 5XL). The am-
plitude and frequency of the AC magnetic field were 0.4 mT and 111 Hz, respec-
tively. No DC field was applied during the AC susceptibility measurements. X-ray
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diffraction patterns were collected on a Bruker D8 diffractometer using Cu Kα1

radiation. Structure refinement of the X-ray diffraction patterns was performed
using Fullprof’s [18] implementation of the Rietveld refinement method.

x yz neutron polarization experiments were performed on the D7 diffuse scat-
tering diffractometer [16] at the Institut Laue-Langevin (ILL), with an incident
neutron wavelength of 3.12 Å. The powder samples (≈ 10 grams) were put into
an aluminum hollow cylinder. Six spin-dependent scattering cross sections were
measured for x yz polarization analysis between 150 K � T � 500 K. The scatter-
ing cross sections were integrated for energy transfers ranging from about -10 to
8.5 meV. The instrument-dependent background was estimated from measure-
ments of an empty sample can and a cadmium sample. Amorphous quartz was
measured to establish the polarization efficiency for D7. Vanadium was mea-
sured to calibrate the detector efficiencies and to allow the scattering cross sec-
tions from the samples to be expressed in absolute units.

μSR experiments were carried out on the general purpose surface-muon in-
strument (GPS) at the Swiss muon source (SμS) of the Paul Scherrer Institute
(PSI), Switzerland. Zero-field muon-spin relaxation signals were collected for
powder samples (≈ 1 gram) in the temperature range between 50 and 450 K using
a closed cycle refrigerator.

6.3. MAGNETIC SUSCEPTIBILITY AND X-RAY DIFFRACTION

A S shown in Fig. 6.2(a), the Mn1.00Fe0.95P0.67Si0.33 compound shows a large
thermal hysteresis in the bulk susceptibility measurements, which is char-

acteristic for a strong first-order phase transition. In contrast, the reversible PM-
FM transition in Fig. 6.2(b) for the Mn1.70Fe0.25P0.50Si0.50 compound suggests
a second-order nature of the phase transition, in agreement with the previous
work [19]. The TC values [20] on cooling for the Mn1.00Fe0.95P0.67Si0.33 and
Mn1.70Fe0.25P0.50Si0.50 compounds are 130 and 175 K, respectively. Additionally,
the Mn1.00Fe0.95P0.67Si0.33 compound shows an antiferromagnetic (AFM) tran-
sition at a Néel temperature of TN ≈ 275 K (see the inset of Fig. 6.2(a)). The
absence of thermal hysteresis implies that this PM-AFM transition is second or-
der. It should be noted that the AFM intermediate phase has only been found in
certain (Mn,Fe)2(P,Si) compositions (see Chapter 7). The formation of the AFM
phase is due to the competing magnetic configurations and strong magnetoelas-
tic coupling in (Mn,Fe)2(P,Si) compounds, as revealed by recent theoretical [21]
and experimental (see Chapter 7) studies.

The inverse susceptibility in Fig. 6.2(c) and (d) measured above TC for the
Mn1.00Fe0.95P0.67Si0.33 and Mn1.70Fe0.25P0.50Si0.50 compounds, respectively, devi-
ates from the Curie-Weiss law. This reflects the presence and development of
short-range magnetic correlations in the PM state [7–10], which was confirmed
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Figure 6.2: Bulk magnetic susceptibility (unitless) for Mn1.00Fe0.95P0.67Si0.33 (a) and
Mn1.70Fe0.25P0.50Si0.50 (b). The corresponding inverse susceptibility is shown in (c) and (d),
respectively.

by the neutron (Sec. 6.4) and experiments (Sec. 6.5).
Figure 6.3 shows the contour plots of the X-ray diffraction patterns measured

on cooling for the two compounds. The discontinuous and continuous shift in
the peak position manifests the first- and second-order phase transition in the
Mn1.00Fe0.95P0.67Si0.33 and Mn1.70Fe0.25P0.50Si0.50 compounds, respectively. The
coincidence of structural (see Fig. 6.3) and magnetic (see Fig. 6.2) transitions
characterizes the strong magnetoelastic coupling in (Mn,Fe)2(P,Si) compounds.
The lattice parameters derived from Rietveld refinement are presented in Fig.
6.4. The anomalous thermal evolution of the lattice parameters close to TC in
the PM regime, which is a common feature in (Mn,Fe)2(P,Si) compounds [7, 22],
reflects the development of magnetic correlations.
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Figure 6.3: Contour plots of the X-ray diffraction patterns measured on cooling for
Mn1.00Fe0.95P0.67Si0.33 (a) and Mn1.70Fe0.25P0.50Si0.50 (b). The color bar on the right represents
the normalized intensity scale.
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Figure 6.4: Lattice parameters derived from X-ray diffraction for Mn1.00Fe0.95P0.67Si0.33 (a-b)
and Mn1.70Fe0.25P0.50Si0.50 (c-d).
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6.4. NEUTRON POLARIZATION ANALYSIS

P OLARIZED neutron scattering experiments were performed in the PM regime
of the Mn1.00Fe0.95P0.67Si0.33 and Mn1.70Fe0.25P0.50Si0.50 compounds.

Fig. 6.5(a) shows the separate magnetic and nuclear scattering cross section at
500 K for the Mn1.00Fe0.95P0.67Si0.33 compound. The clear forward (low-Q) mag-
netic scattering indicates the presence of weak short-range FM correlations at
500 K (about 3.8TC ). [12, 23] The magnetic scattering cross section measured
at 175 K (see Fig. 6.5(b)) shows a weak peak at Q ≈ 0.4 Å-1. A similar neutron-
diffraction peak has been observed in certain (Mn,Fe)2(P,Si) compositions, origi-
nating from weak incommensurate AFM order (see Chapter 7). The nuclear scat-
tering cross section shows slight changes in the peak positions with decreasing
temperature due to thermal expansion.
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Figure 6.5: Magnetic and nuclear scattering cross section for Mn1.00Fe0.95P0.67Si0.33 measured at
500 K (a) and 175 K (b).
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Figure 6.6: Magnetic scattering cross section as a function of temperature for
Mn1.00Fe0.95P0.67Si0.33.

In order to explore the evolution of magnetic correlations in detail for the
Mn1.00Fe0.95P0.67Si0.33 compound, the magnetic scattering cross section is plot-
ted at different temperatures upon cooling in Fig. 6.6. The forward scattering
becomes more pronounced when the sample is cooled from 500 to 350 K, which
is due to the development of magnetic correlations. However, AFM order [23]
appears at 275 K, as suggested by the weak peak at Q ≈ 0.36 Å-1. With a further
decrease in temperature, the peak intensity significantly increases and the peak
position shifts to larger Q values. This reveals the enhancement of AFM order
and variations in the propagation vector of the incommensurate AFM structure.
The detected AFM order is consistent with the susceptibility measurements (see
the inset of Fig. 6.2 (a)) and the neutron diffraction experiments in Chapter 7.

In contrast to the Mn1.00Fe0.95P0.67Si0.33 compound, only FM correlations are
detected in the Mn1.70Fe0.25P0.50Si0.50 compound at 500 and 180 K, as indicated
by the forward neutron diffuse scattering [23] in Fig. 6.7(a) and (b). The FM cor-
relations are enhanced with decreasing temperature, manifested by the increas-
ing intensity of the forward scattering in Fig. 6.8(a).
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Figure 6.7: Magnetic and nuclear scattering cross section for Mn1.70Fe0.25P0.50Si0.50 measured at
500 K (a) and 180 K (b).
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Figure 6.8: Magnetic scattering cross section (a) and the derived magnetic correlation length (b)
as a function of temperature for Mn1.70Fe0.25P0.50Si0.50. The solid lines in (a) represent fits to the
data.
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It is assumed that scattering cross sections outside the detection energy win-
dow of the D7 diffractometer are negligible. The magnetic cross section in the
vicinity of Q = 0 for a paramagnetic phase is approximately given by [24]

dσ

dΩ
(Q) = 2

3
N

(
gnr0

4μB

)2 kB T M

ρNAμ0
χ(Q) (6.1)

where N is the number of magnetic atoms per formula unit, gn is the neutron
g -factor, r0 is the classical electron radius, μB is the Bohr magneton, kB is the
Boltzmann constant, M is the molar mass, ρ is the volumetric-mass density, NA

is the Avogadro constant, μ0 is the permeability of vacuum, and χ(Q) is the mag-
netic susceptibility. The Q-dependence of χ(Q) is thereafter assumed to be a
Lorentzian function. The χ(Q → 0) equals the bulk magnetic susceptibility, i.e.
the χ0 shown in Fig. 6.2. As a result, the dσ

dΩ (0) at different temperatures can be
calculated from χ0 using Eq. 6.1.

The forward scattering cross section in Fig. 6.8(a) can be fitted well with
the convolution of a Gaussian (instrument resolution[25, 26] with a full width
at half maximum of about 0.06 Å-1 in the vicinity of Q = 0) and the Lorentzian
(sample contribution) function. From the full width at half maximum ΔQ of
the Lorentzian function, the magnetic correlation length ξ = 2π/ΔQ can be de-
rived at different temperatures. As shown in Fig. 6.8(b), at 350 K (= 2.0TC ), the
FM correlation length in the Mn1.70Fe0.25P0.50Si0.50 compound is 12.4 Å, which
is comparable with ξ = 13.0 Å observed at T = 2.1TC for the Fe2P compound
[12]. The value of ξ rises with the decrease in temperature and reaches 31.6 Å at
240 K (= 1.4TC ) for the Mn1.70Fe0.25P0.50Si0.50 compound, which is much larger
than the ξ= 16.6 Å observed at T = 1.4TC for the Fe2P compound [12]. The cor-
relation length further increases to 95.8 Å at 180 K in the Mn1.70Fe0.25P0.50Si0.50

compound. The thermal-evolution of the correlation length provides clear evi-
dence for the spatial development of magnetic correlations in the PM regime for
(Mn,Fe)2(P,Si) compounds.
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6.5. MUON-SPIN RELAXATION ANALYSIS

T HE dynamics of the magnetic correlations above TC was studied by means of
muon-spin relaxation experiments for the two compounds.
In the zero-field μSR geometry, when the strength of the static local magnetic

field is assumed to show a Gaussian distribution, the muon-spin relaxation func-
tion is described by the so-called Kubo-Toyabe function [27, 28]

Ast at (t ) = A0

[
1

3
+ 2

3
(1−γ2

μΔ
2t 2)exp

(−γ2
μΔ

2t 2

2

)]
(6.2)

where A0 is the initial asymmetry, γμ is the gyromagnetic ratio of the muon
(8.51616 × 108 rad·s-1T-1) and Δ is the standard deviation of the Gaussian field
distribution.

Muon diffusion and the fluctuations of the local field will cause dynamics of
the muon-spin relaxation. This can be evaluated within the framework of the
strong collision model [28–31]. In the slow dynamic limit, the muon-spin relax-
ation is derived as [28–31]

Ad yn(t ) = A0

[
1

3
exp

(
−2

3
νt

)
+ 2

3

(
1−γ2

μΔ
2t 2

)
exp

(−γ2
μΔ

2t 2

2

)]
(6.3)

where ν is the local-field correlation frequency due to the muon diffusion and
the local-field fluctuations. In the fast dynamic limit, the muon-spin relaxation
function is written as [28–31]

Ad yn(t ) = A0 exp(−λt ) (6.4)

where λ is the muon-spin relaxation rate.
Considering the large nuclear magnetic moment of Mn and P, nuclear mag-

netic fields as well as the magnetic fields due to the unpaired electrons of Mn
and Fe are probed by the implanted muons. Muon diffusion will cause dynamics
for the nuclear contribution. As a first approximation, a slow-dynamics behavior
was assumed for the nuclear contribution, which is described by Eq. 6.3. As for
the muon-spin relaxation of electronic origin, its dynamics can be caused by the
fluctuations of the magnetic correlations. The electronic contribution above TC

is expected to be dominated by fast dynamics, which is described by Eq. 6.4. The
nuclear and electronic contributions are independent, and hence the zero-field
μSR spectra measured above TC are fitted by a product of Eqs. 6.3 and 6.4. Fits
for both compounds show that muon diffusion is present above 325 K, while it
becomes negligible below 325 K. This indicates a static nuclear contribution be-
low 325 K, where the μSR spectra can be fitted by a product of Eqs. 6.2 and 6.4. As
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Figure 6.9: Zero-field μSR spectra for Mn1.00Fe0.95P0.67Si0.33. The solid lines represent fits to the
data.

a consequence, the fluctuations of the magnetic correlations can be unambigu-
ously extracted from the zero-field μSR spectra below 325 K.

Figure 6.9 shows the zero-field μSR spectra measured below 325 K for
Mn1.00Fe0.95P0.67Si0.33. Above TC (≈ 130 K), the spectra show a fast damping be-
havior, suggesting dynamic magnetic fields experienced by the muons. Below
TC , the initial asymmetry in the spectrum drops to 1/3 of that in the PM state
without showing any oscillation signals. This reflects the broad distribution of
local magnetic fields at different muon sites in the magnetically-ordered poly-
crystalline sample. The standard deviation of the nuclear field distribution Δn

derived from the fits is about 0.13 mT. The initial asymmetry in Fig. 6.10(a) shows
a decrease for temperatures close to TC , which suggests that the sample is not
magnetically homogeneous due to compositional inhomogeneity. There is also
the possibility that the slowing down of the magnetic fluctuations is so strong
that the motional narrowing limit assumed by the Eq. 6.4 is no longer valid. The
muon-spin relaxation rate, presented in Fig. 6.10(b), gradually increases as TC is
approached from the high-temperature side.
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Figure 6.10: Temperature dependence of initial asymmetry A0 (a) and muon-spin relaxation rate
λ (b) for Mn1.00Fe0.95P0.67Si0.33.
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Figure 6.11: Zero-field μSR spectra for Mn1.70Fe0.25P0.50Si0.50. The solid lines represent fits to
the data.

As shown in Fig. 6.11, the Mn1.70Fe0.25P0.50Si0.50 compound shows similar
μSR spectra as the Mn1.00Fe0.95P0.67Si0.33 compound. The same fitting model is
employed and the derived parameters are presented in Fig. 6.12. The standard
deviation of the nuclear field distribution Δn is about 0.21 mT for the
Mn1.70Fe0.25P0.50Si0.50 compound. As shown in Fig. 6.12(a), the initial asymmetry
starts to decrease above TC , which is similar to that for the Mn1.00Fe0.95P0.67Si0.33

compound. This may be caused by compositional inhomogeneity or indicating
that our assumption of motional narrowing limit is no longer applicable. The
muon-spin relaxation rate increases with decreasing temperature and tends to
diverge close to TC (see Fig. 6.12(b)).

For isotropic ferromagnetic dynamical correlations with a well-developed
maximum of χ(Q) at Q = 0 and assuming a Lorentzian spectral-weight function,
the muon-spin relaxation rate measured in zero magnetic field can be written as
[31]

λ=
μ0γ

2
μ

π2

[(
p − 1

3

)2

+ 2

9

]
kB T

∫
χ(Q)

Q2

Γ0(Q)
dQ (6.5)

where the p is a constant that depends on the hyperfine constant and the num-
ber of neighboring ions coupled to the muon spin through the hyperfine field. As

a first approximation, the value of
(
p − 1

3

)2+ 2
9 is assumed to be 1, taken as a real-

istic order of magnitude [31] for the materials studied here. Γ0(Q) is the magnetic
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Figure 6.12: Temperature dependence of initial asymmetry A0 (a) and muon-spin relaxation rate
λ (b) for Mn1.70Fe0.25P0.50Si0.50.
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Figure 6.13: Temperature dependence of the magnetic relaxation rate for Mn1.70Fe0.25P0.50Si0.50.

fluctuation rate at wave vector Q.

Since short-range magnetic correlations have been clearly observed from neu-
tron diffraction experiments (see Fig. 6.8), Γ0(Q) should be dominated by spin-
conserved dynamics [31, 32]. It is assumed that ħΓ0(Q) = DsdQ2, i.e. neglecting
the high-order terms in Q, [31, 32] where Dsd is a proportionality factor. From
Eqs. 6.1 and 6.5, the value of Γ0 for the magnetic correlation with a correlation
length of ξ is derived as:

Γ0

(
2π

ξ

)
= C

ħ

∫ dσ
dΩ (Q)dQ

λ

(
2π

ξ

)2

(6.6)

where C = 6.04 × 10-24 J·m·s-1. The dσ
dΩ (Q), ξ and λ for the Mn1.70Fe0.25P0.50Si0.50

compound are presented in Figs. 6.8(a), 6.8(b) and 6.12(b), respectively. The
magnetic relaxation rate Γ0 is calculated at different temperatures and presented
in Fig. 6.13.

The magnetic relaxation rate decreases with decreasing temperature, which
characterizes the slowing down of magnetic fluctuations in the PM regime of the
Mn1.70Fe0.25P0.50Si0.50 compound when TC is approached. The magnetic cor-
relation time τ = 1/Γ0(2π/ξ) is in the microsecond time range at temperatures
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Figure 6.14: Relation between the correlation time and correlation length for
Mn1.70Fe0.25P0.50Si0.50. The solid line represents a fit to the data.

1.03TC � T � 1.86TC for the Mn1.70Fe0.25P0.50Si0.50 compound, while no correla-
tions with τ longer than 10−10 s were detected at T � 1.05TC for the Fe2P com-
pound. This confirms stronger magnetic correlations in the (Mn,Fe)2(P,Si) com-
pound than in the Fe2P compound. As presented in Fig. 6.14, τ ∝ ξn shows a
power-law dependence on ξ with an exponent n = 1.8(0.1). Comparing this scal-
ing behavior with Eq. 6.6, it suggests that the ratio between

∫ dσ
dΩ (Q)dQ and λ

is weakly temperature-dependent. With the neutron and muon data at hand,
we cannot extracted the correlation time and correlation length above TC for the
Mn1.00Fe0.95P0.67Si0.33 compound due to the appearance of the unexpected in-
termediate AFM phase.

6.6. ROLE OF MAGNETIC CORRELATIONS IN THE MAGNETOE-
LASTIC TRANSITION

T HE magnetoelastic transition in (Mn,Fe)2(P,Si) compounds is accompanied
by a metamagnetic transition, i.e. a transition from a low-moment state to

a high-moment state for the Fe atoms [2, 7]. In contrast, the magnetic moment
of the Mn atoms (about 2.6 μB ) is preserved when crossing the FM-PM transi-



6.7. CONCLUSIONS

6

89

tion [2, 7]. The local magnetic field exerted on the Fe atoms by the Mn atoms
triggers the moment formation and magnetic order.[7, 21] Therefore, magnetic
correlations between Mn atoms in the PM state will enhance the local magnetic
field, promote the formation of Fe magnetic moment and will finally result in
long-range magnetic order.

The combination of polarized neutron diffraction and μSR experiments re-
veals the presence of short-range magnetic correlations in the PM state of
(Mn,Fe)2(P,Si) compounds. This causes a deviation of the PM susceptibility from
the Curie-Weiss law, since the molecular field approximation neglects the mag-
netic correlations in the PM state. The increasing correlation length and slowing
down of the magnetic fluctuations with decreasing temperature reflects the en-
hanced magnetic correlations. Compared to Fe2P, the (Mn,Fe)2(P,Si) compound
shows stronger magnetic correlations in the paramagnetic state, which bene-
fits the strong metamagnetic transition responsible for the giant magnetocaloric
effect. Consequently, the formation and development of short-range magnetic
correlations in the PM state plays a crucial role in the magnetoelastic transition
in (Mn,Fe)2(P,Si) compounds.

6.7. CONCLUSIONS

T HE x yz neutron polarization and muon-spin relaxation studies on
(Mn,Fe)2(P,Si) reveal, both on the length- and time-scales, the presence of

short-range magnetic correlations in the PM regime. The short-range magnetic
correlations develop in space and slow down with decreasing temperature, and
finally become long-range and static at TC . This study provides a better under-
standing of the magnetoelastic phase transition in Fe2P-type compounds.
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7
KINETIC-ARREST INDUCED PHASE

COEXISTENCE AND METASTABILITY

IN SOME (MN,FE)2(P,SI)
COMPOUNDS

Neutron diffraction, Mössbauer spectroscopy, magnetometry, and in-field X-ray
diffraction are employed to investigate the magnetoelastic phase-transition in
hexagonal (Mn,Fe)2(P,Si) compounds. (Mn,Fe)2(P,Si) compounds undergo for cer-
tain compositions a second-order paramagnetic (PM) to a spin-density-wave (SDW)
phase transition before further transforming into a ferromagnetic (FM) phase via
a first-order phase transition. The SDW-FM transition can be kinetically arrested,
causing the coexistence of FM and untransformed SDW phases at low tempera-
tures. The in-field X-ray diffraction and magnetic relaxation measurements clearly
reveal the metastability of the untransformed SDW phase. This unusual magnetic
configuration originates from the strong magnetoelastic coupling and the mixed
magnetism in hexagonal (Mn,Fe)2(P,Si) compounds.
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7.1. INTRODUCTION

F IRST-order magnetic phase transitions (FOMTs) in magnetic materials bring
a variety of interesting phenomena such as giant magnetocaloric effect [1–

3], colossal (or giant) magnetoresistance effect [4, 5] and magnetic shape mem-
ory effect [6]. The FOMT is characterized by a discontinuous change in the first
derivative of the free energy (e.g., magnetization M, entropy S and volume V)
triggered by thermodynamic variables (e.g., temperature T, magnetic field H and
pressure P). Intrinsic composition disorder broadens the FOMT, causing a co-
existence of transformed and untransformed phases over the phase transition
region, as indicated by different nano- and micro-scale techniques [7–12] . Af-
ter crossing the phase transition region, the system reaches an equilibrium state
with a homogeneous phase.

Under certain conditions, the FOMT can be kinetically arrested, i.e., the phase
coexistence remains beyond the FOMT region. An example of this behavior is
reported for doped CeFe2 alloys [13, 14]. When Ce(Fe0.96Ru0.04)2 is cooled in an
appropriate magnetic field, crossing the first-order ferromagnetic (FM) to anti-
ferromagnetic (AFM) transition, the nucleation and growth of the low-T AFM
phase is found to be hindered. As a result, a small fraction of the untransformed
FM phase is frozen randomly in the stable AFM matrix at temperatures well be-
low the Néel temperature TN [13]. The supercooled FM phase is energetically
metastable, which will be de-arrested and transformed to the stable AFM phase
by thermal fluctuations.

A similar phenomenon has been reported in diverse classes of magnetic sys-
tems, such as Gd5Ge4 [15], Ni-Mn-X based Heusler alloys [16–18], doped-FeRh
[19], Nd7Rh13 [20], Tb4LuSi3 [21] and manganites [22–26]. The kinetically-arrested
phase transition is associated with a strong magnetostructural coupling in these
magnetic systems. For instance, the high-T FM to low-T AFM transition in doped-
CeFe2 alloys [13, 14] is coupled with a cubic to rhombohedral structural transfor-
mation, while the high-T AFM to low-T FM transition in Gd5Ge4 [15] is accom-
panied by the Sm5Ge4-type orthorhombic to Gd5Si4-type orthorhombic struc-
tural transition.

Recent studies on hexagonal (Mn,Fe)2(P,Si)-type compounds show the coex-
istence of FM and incommensurate magnetic phases at temperatures far below
the TC [27]. Höglin et al. [27] proposed that the phase coexistence in (Mn,Fe)2(P,Si)
originates from a phase segregation in the PM state. The sample consists of
two phases with slightly different lattice parameters in the high-temperature PM
state [27]. These two phases transform into a FM and an incommensurate mag-
netic phase upon cooling [27]. However, theoretical calculations revealed that
the coexistence of a FM and an incommensurate magnetic phase may be a result
of competing magnetic configurations [28, 29]. The incommensurate magnetic
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phase is considered to be an intermediate metastable phase, which is formed
due to the kinetic arrest of the PM-FM transition [29].

In the present work, the phase coexistence and metastability in some
(Mn,Fe)2(P,Si)-type compounds has been investigated using a combination of
neutron diffraction, magnetometry, Mössbauer spectroscopy, and in-field X-ray
diffraction. This provides further insight into the magnetoelastic coupling and
mixed magnetism in (Mn,Fe)2(P,Si)-type magnetocaloric alloys. This study also
helps to extend the understanding of the kinetic arrest in FOMT magnetic sys-
tems.

7.2. EXPERIMENTAL

P OLYCRYSTALLINE samples with nominal compositions MnFe0.95P0.67Si0.33 (re-
ferred to as “S0”), Mn1.30Fe0.65P0.67Si0.33 (“S1”), MnFe0.95P0.71Si0.29 (“S2”) and

MnFe0.95P0.67Si0.33N0.02 (“S3”) samples were prepared from Mn, Fe, Fe3N, red-
P and Si powders as described in Chapter 2. Neutron diffraction experiments
were performed on the WISH time of flight diffractometer at the ISIS Facility,
Rutherford Appleton Laboratory, UK. The powered sample of about 6 g was put
into a vanadium can mounted in a helium cryostat. Diffraction data were col-
lected between 200 and 1.5 K upon cooling. The magnetic properties were char-
acterized using a superconducting quantum interference device (SQUID) mag-
netometer (Quantum Design MPMS 5XL). X-ray powder diffraction experiments
using Cu Kα radiation were performed at 300 and 10 K in magnetic fields up to
5 T [30]. Structure refinement of the X-ray and neutron diffraction patterns was
performed using the Rietveld method implemented in the Fullprof package[31].
Transmission 57Fe Mössbauer spectra were collected at 300 and 4.2 K with a si-
nusoidal velocity spectrometer using a 57Co(Rh) source. The velocity calibration
was carried out using an α-Fe foil. The source and the absorbing samples were
kept at the same temperature during the measurements. The Mössbauer spectra
were fitted using the Mosswinn 4.0 program [32].

7.3. MAGNETIZATION MEASUREMENTS

F IGURE 7.1(a) shows the temperature-dependent magnetization (M) of the as-
prepared S0 sample during the first two cooling and warming cycles. A lower

TC upon the first cooling than on the second cooling is due to the “virgin effect”,
which is a common feature in (Mn,Fe)2(P,Si)-type compounds [33]. The observed
pronounced thermal hysteresis marks the strong first-order nature of the PM-FM
phase transition in the S0 sample. After two cooling and warming cycles, M-H
curves were measured isothermally at 5 K. The M-H curves in Fig. 7.1(b) shows a
characteristic soft-ferromagnetic response with a saturation magnetization (Ms)
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Figure 7.1: M-T and M-H plots for the S0 (a-b) and S1 (c-d) samples.

of about 155 Am2kg-1 at 5 K, which is consistent with previous reports [34].

Previous studies reveal that the phase-transition temperature and the ther-
mal hysteresis of the (Mn,Fe)2(P,Si)-type compounds can be tuned directly by
varying the Mn/Fe ratio [35]. With an increase in Mn/Fe ratio from 1.00/0.95
to 1.30/0.65, a rapid decrease in TC and a reduction in thermal hysteresis is ob-
served in Fig. 7.1(c). Additionally, the increase in the Mn/Fe ratio causes an unex-
pected and significant drop in the magnetization below TC . As presented in Fig.
7.1(c), the PM-FM transition is complete at about 60 K for the second cooling. As
a result, the S1 sample is expected to be at a pure FM state below 60 K. However,
the isothermal M-H curve (Fig. 7.1(d)) measured at 5 K after the second cool-
ing shows an unexpected metamagnetic transition when the field is applied for
the first time. Below 1 T, the M-H curve shows a ferromagnet-like feature. Be-
yond 1 T, a metamagnetic transition appears and is completed at about 4 T. The
decreasing-field curve does not show the reverse metamagnetic transition, nor
does the subsequent increasing-field curve show any signature of the metamag-
netic transition. Consequently, the initial magnetic state is not recovered after
the first increase and decrease in field, suggesting the metastability of the initial
magnetic state after cooling.

A similar phenomenon has been observed in a wide compositional range
of (Mn,Fe)2(P,Si)-type compounds. For instance, a metamagnetic transition is
also present in the isothermal M-H curves of the S2 (Fig. 7.2(b)) and S3 (see
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Figure 7.2: M-T and M-H plots for the as-prepared S2 (a-b), and S3 (c-d) samples.

Fig. 7.2(d)) samples, although the transition is still incomplete up to 5 T. Such
anomalies have been observed in a variety of magnetic materials, and originate
from incomplete FOMT caused by kinetic arrest [16, 23, 36]. One predominant
consequence of the kinetic-arrest effect is the coexistence of transformed and
untransformed phases at temperatures far below the phase-transition tempera-
ture. The neutron diffraction (Section 7.4) and Mössbauer spectroscopy (Section
7.5) studies provide experimental evidence for this phase coexistence in these
(Mn,Fe)2(P,Si)-type compounds.

7.4. NEUTRON DIFFRACTION

N EUTRON diffraction provides a direct and reliable way to determine crys-
tallographic and magnetic structures. Neutron powder diffraction experi-

ments were performed for the as-prepared S1 sample during cooling from 200 to
1.5 K. The contour plot in Fig. 7.3(a) shows the temperature-dependence of the
diffraction pattern in the Q range from 1.95 to 2.55 Å-1. At high temperatures,
the diffraction peaks correspond to the crystal structure of the PM state, which
crystallizes in the hexagonal Fe2P-type structure (space group P 6̄2m). At T ≈ 50
K, a series of new peaks appear beside the initial high-T peaks. The intensities of
these new peaks increase with the decrease in temperature, while the intensities
of the initial high-T peaks show the opposite trend. Structure refinement reveals
that these new peaks belong to a FM phase with the same crystal structure as the
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Figure 7.3: (a) Contour plot of the neutron diffraction patterns collected at WISH (detector bank
5 with 〈2θ〉 ≈ 152.83◦) for the S1 sample. The intensity is on a logarithmic scale. (b) The (0.35 0 0)
magnetic reflection of the SDW phase at different temperatures recorded at WISH (detector bank
1 with 〈2θ〉 ≈ 27.08◦).
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Table 7.1: Structural parameters of the as-prepared S1 sample at 1.5 K derived from neutron
diffraction. Space group: P 6̄2m. Atomic positions: 3 f (x1,0,0); 3g (x2,0,1/2); 2c(1/3,2/3,0) and
1b(0,0,1/2).

Parameters FM SDW
Fraction(%) 47.4(2) 52.6(2)

a (Å) 6.1586(1) 6.0582(1)
c (Å) 3.3304(1) 3.4421(1)

V (Å3) 109.394(4) 109.405(5)
3 f x1 0.2601(3) 0.2581(3)

n(Fe)/n(Mn) 0.165/0.085(1) 0.165/0.085(1)
M (μB ) 1.5(1) 0.8(2)

3g x2 0.5965(4) 0.5921(4)
n(Mn)/n(Fe) 0.25/0 0.25/0

M (μB ) 2.8(1) 3.1(2)
2c n(P)/n(Si) 0.117/0.050(4) 0.117/0.050(4)
1b n(P)/n(Si) 0.050/0.033(4) 0.050/0.033(4)

RM ag (%) 2.68 8.35
Rp (%) 4.26

wRp (%) 4.90
χ2 7.92

PM phase, but with different lattice parameters. The Fe and Mn magnetic mo-
ments in the FM phase lie within the basal plane with magnitudes of 1.5 and 2.8
μB , respectively. The structural details of the FM phase derived from Rietveld re-
finement are summarized in Table 7.1. Additionally, some weak satellites around
the main Bragg peaks appear at low temperature, as indicated by the arrows in
Fig. 7.3(a), and a Bragg peak at Q ≈ 0.42 Å-1 develops with the decrease of tem-
perature (see Fig. 7.3(b)). These peaks cannot be indexed by any nuclear Bragg
peaks. This strongly suggests the formation of another magnetic phase at low
temperatures. An automatic indexing procedure using the k-search program in
the Fullprof package [31] was performed to determine the propagation vector k
of this magnetic phase. A propagation vector of k = (0.355(1), 0, 0) is derived,
which indicates an incommensurate-magnetic structure (i.e., a helical spin con-
figuration or a spin-density wave). The remaining intensities of the initial high-T
peaks are from the nuclear structure of this incommensurate-magnetic phase.

In order to resolve the detailed magnetic structure of this incommensurate-
magnetic phase, we performed a representation analysis [37, 38] using the
BasIreps program [31]. Representation analysis yields two nonzero irreducible
representations (IRs) for both Fe and Mn moments on the 3 f and 3g sites, re-
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Figure 7.4: (a) Fitted powder neutron diffraction pattern for the S1 sample collected at 1.5 K at
WISH (detector bank 3 with 〈2θ〉 ≈ 90◦). Vertical lines indicate the peak positions (from top to
bottom) for the nuclear structure of the SDW phase, magnetic structure of the SDW phase,
nuclear structure of the FM phase, magnetic structure of the FM phase, and the impurity
(Mn,Fe)3Si phase, repectively. (b) Schematic representation (4×4) of magnetic configuration in
the basal (ab) plane for the SDW phase. a∗ and b∗ are the primitive vectors of the reciprocal
lattice. The propagation vector k is along a∗. The Mn moment is aligned parallel to k and the Fe
moment is perpendicular to k .
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spectively. One IR corresponds to both Fe and Mn moments along the c axis,
and the other corresponds to both moments within the ab plane. A helical spin
configuration with k = (0.355, 0, 0) is not allowed by the IRs. As a result, the
incommensurate-magnetic phase can be described by a sinusoidal spin-density
wave (SDW) with k = (0.355, 0, 0). We fitted the diffraction patterns using dif-
ferent magnetic configurations (see Appendix). The magnetic structure with the
Mn and Fe moments parallel and perpendicular to the k , respectively, gives the
best fit (see Fig. 7.4(a)) with a magnetic R-factor of 8.4%. A schematic representa-
tion of this magnetic structure is presented in Fig. 7.4(b). The structure details of
the SDW phase derived from the refinement are summarized in Table 7.1. At 1.5
K, the S1 sample consists of FM and SDW phases with weight fractions of about
47.4% and 52.6%, respectively. The FM phase has larger and smaller dimensions
in the basal plane and along the c axis, respectively, in comparison with the SDW
phase. The Fe moment in the FM phase is almost twice as large as in the SDW
phase, while the Mn moment is almost the same in both phases.

In order to explore the phase-transition in detail for the S1 sample, the Bragg
peak at Q ≈ 0.42 Å-1 (see Fig. 7.3(b)) was further analyzed, which is indexed to be
the (0.35 0 0) magnetic reflection of the SDW phase. Above 60 K, the Bragg peak
transforms into diffuse scattering, suggesting the presence of short-range mag-
netic correlations. The thermal evolution of the full-width-at-half-maximum
(ΔQ) of the (0.35 0 0) peak is presented in Fig. 7.5(a). The correlation length
ξ= 2π/ΔQ is estimated to be 30 Å at 200 K, and increases with decreasing temper-
ature to about 180 Å in the magnetically ordered state (see Fig. 7.5(a)). The pres-
ence of short-range magnetic ordering above 60 K is also suggested by the bulk
susceptibility (see Fig. 7.5(b)), where the inverse susceptibility shows a strong
deviation from the Curie-Weiss behavior below 300 K.

The integrated intensity of the (0.35 0 0) peak as a function of temperature
is presented in Fig. 7.5(c). The integrated intensity rises with decreasing tem-
perature from 200 to 50 K, which is attributed to the weakening of the magnetic
fluctuations. The reduction in the integrated intensity below 50 K is due to the
decreasing fraction of the SDW phase caused by the SDW to FM phase transition.
Structure refinement reveals that there is no detectable FM phase above 62.5 K,
and fF M increases from about 10% at 50 K to around 47% at 1.5 K upon cooling.
In order to exclude the influence of the SDW-FM transition on the integrated in-
tensity of the (0.35 0 0) peak, the integrated intensity is normalized by the phase
fraction of the SDW phase (see Fig. 7.5(c)). Since the normalized intensity is pro-
portional to M 2, a critical temperature TSDW of about 62.5 K for the PM-SDW
transition is derived by taking the derivative of the normalized intensity with re-
spect to temperature.

The lattice parameters at different temperatures are shown in Fig. 7.6. The
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Figure 7.5: (a) Peak width of the (0.35 0 0) magnetic reflection. (b) Temperature-dependent
inverse susceptibility. (c) Weight fraction of the FM phase and integrated intensity of the (0.35 0 0)
magnetic reflection at different temperatures. (d) Temperature dependence of the normalized
intensity of the (0.35 0 0) magnetic reflection.

anomalous thermal expansion of the lattice parameters between 200 and 62.5 K
is associated with the development of short-range magnetic correlations. The
lattice parameters show a continuous change around the PM-SDW transition
temperature (TSDW ≈ 62.5 K), implying a second-order phase transition. The
jump in lattice parameters, which accompanies the SDW-FM transition (TC ≈ 50
K), characterizes the first-order nature of the transition and the strong magne-
toelastic coupling.

The changes in lattice parameter correspond to variations in the interatomic
distances, which are coupled with the magnetic exchange interactions. As shown
in Fig. 7.7, the intralayer atomic distances gradually increase with decreasing
temperature until the SDW-FM transition temperature is reached, where a jump
in the interatomic distances occurs. The interlayer atomic distances show a sim-
ilar feature, although the change is in the opposite direction. A significant ex-
pansion in the intralayer bonds after the SDW-FM transition leads to a stronger
localization of Fe and Mn 3d electrons and less chemical bonding with neigh-
boring atoms in the FM phase. Also, the smaller distance between Mn and Fe
atoms in the FM phase enhances the magnetic exchange interaction. As a result,
a ferromagnetic coupling is more favorable at low temperatures.
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Figure 7.6: Lattice parameters as a function of temperature derived from neutron diffraction for
the S1 sample.
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Figure 7.7: Thermal-evolution of interatomic distances extracted from neutron diffraction for the
S1 sample.
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Figure 7.8: Mössbauer spectra collected at 300 K for the as-prepared S0 (a), S1 (b), S2 (c), and S3
(d) samples. The black and red solid lines are individual binomial PM-components and their
sum, respectively.

7.5. MÖSSBAUER MEASUREMENTS

T HE magnetic ordering of the Fe atoms in the SDW and FM phases can be
further investigated using 57Fe Mössbauer spectroscopy. Mössbauer spectra

of the as-prepared S0-S3 samples, measured at 300 K are presented in Fig. 7.8(a)-
(d), respectively.

All spectra exhibit a paramagnetic feature. According to the neutron diffrac-
tion results (see Table 7.1), the P and Si atoms are randomly distributed in the
tetrahedral environment around Fe atoms in the studied samples. As a result,
there are five different nearest-neighbor Fe configurations, depending on the

Table 7.2: Hyperfine parameters at 300 K for the as-prepared S0-S3 samples.

Sample 〈δ〉 (mm/s) 〈Δ〉 (mm/s) Γ (mm/s)
S0 0.27(1) 0.22(1) 0.34(1)
S1 0.26(1) 0.24(1) 0.30(1)
S2 0.26(1) 0.21(1) 0.32(1)
S3 0.27(1) 0.22(1) 0.39(1)
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Figure 7.9: Mössbauer spectra obtained at 4.2 K for the as-prepared S0 (a), S1 (b), S2 (c), and S3
(d) samples. The black, blue and red lines are individual binomial FM-components, the SDW
component and their sum, respectively.

number (from 0 to 4) of Si atoms in the tetrahedral environment. Their contri-
butions to the Mössbauer spectrum can be described by a binomial distribution
model, which has been successfully used for Mössbauer analysis in (Mn,Fe)2(P,Si)-
type compounds[39, 40]. Hyperfine parameters obtained from the fitting are pre-
sented in Table 7.2. The average isomer shift 〈δ〉, average quadrupole splitting
〈Δ〉 and line widthΓ are in good agreement with previous reports in (Mn,Fe)2(P,Si)-
type compounds[39–41].

Fig. 7.9(a) shows the Mössbauer spectrum measured at 4.2 K for the S0 sam-
ple after zero-field cooling. The observed sextet with broad spectral lines sug-
gests a strong magnetic ordering with a distribution in hyperfine fields around
the Fe nucleus, which can be fitted with a binomial distribution model [40]. In
contrast, the 4.2 K Mössbauer spectra of the S1-S3 samples display a compli-
cated shape, as shown in Fig. 7.9(b-d). As revealed by the neutron diffraction
results, the S1 sample is a mixture of FM and SDW phases below 50 K. As a re-
sult, the 4.2 K Mössbauer spectra of the S1-S3 samples can be decomposed into
FM and incommensurate magnetic components. The FM component was fitted
with the binomial distribution model [40], and the incommensurate magnetic
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component was fitted with a field-distribution model that takes into account the
sinusoidally modulated Fe moment. For the incommensurate-magnetic compo-
nent, the hyperfine field HSDW experienced by an Fe nucleus can be described
as

HSDW = H m
SDW si nθ (7.1)

where H m
SDW is the magnitude of the hyperfine field, which is modulated by a

sine function. The sign of the hyperfine field has no influence on the spectrum.
As a result, the incommensurate-magnetic contribution can be obtained by in-
tegration over 0 � θ � π/2 for Eq. 7.1. The above model gives a reasonable fit to
the 4.2 K Mössbauer spectra for the S1-S3 samples.

The derived hyperfine parameters are given in Table 7.3. The Mössbauer ex-
periments suggest that the S0 sample is a pure FM phase at 4.2 K. For the S1
sample, the fF M derived from Mössbauer spectrum is about 61%, which is close
to the value of 47.4% derived from neutron diffraction measurements (Table 7.1).
A smaller fraction of FM phase is present at 4.2 K in the S2 and S3 samples than
in the S1 sample, which is consistent with the magnetization results (see Figs. 7.1
and 7.2).

For the S1 sample, the magnitude of the hyperfine fields is about 21.8 and
17.7 T for the FM and SDW phases at 4.2 K, respectively. Using a proportionality
factor of 14.2 T/μB , as proposed by Eriksson and Svane [42], the Fe moments in
the FM and SDW phases are estimated to be 1.5 and 1.2μB , which is in reasonable
agreement with the neutron diffraction results (see Table 7.1). Consequently, the
SDW to FM transition is accompanied by a significant increase in the Fe moment
and a slight change in the Mn moment, which characterizes the unique mixed
magnetism in the (Mn,Fe)2(P,Si)-type compounds. The Fe atoms on the 3f site
show weak magnetism. The development of the Fe moment is in strong com-
petition with the formation of chemical bonds, which in turn depends on the
interatomic distances between Fe and its neighbors (shown in Fig. 7.7). The Mn
atoms on the 3g site show strong magnetism, the Mn moment is less influenced
by the interatomic distances.
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7.6. IN-FIELD X-RAY DIFFRACTION

X -ray powder diffraction was measured at 300 and 10 K for the as-prepared
S0, S1 and S3 samples. Structure refinement confirms the hexagonal Fe2P-

type structure (P 6̄2m) at the two temperatures for all the 3 samples. When the
as-prepared S0 sample is cooled down from 300 to 10 K, a significant shift in
the (210) Bragg peak appears in the XRD pattern (see Fig. 7.10(a)), indicating
a strong magnetoelastic coupling. In the X-ray diffraction pattern, there is no
detectable phase coexistence in the S0 sample at 10 K. This is in agreement with
the Mössbauer results shown in Table 7.3. XRD patterns were then collected for
different magnetic fields at a constant temperature of 10 K (see Fig. 7.10(b)). The
applied magnetic field has little influence on the XRD patterns.

The XRD pattern of the S1 sample collected at 10 K after zero-field cooling is
in strong contrast to that of the S0 sample. Two Bragg peaks appear at 2θ values
of 45.0◦ and 45.8◦, respectively. Structure refinement reveals that these two peaks
belong to the (210) Bragg peak of two phases having the same crystal structure
but with different lattice parameters. For increasing magnetic fields, the peak
at 2θ ≈ 45.0◦ grows at the expense of the peak at ≈ 45.8◦ (Fig. 7.10(b)), which
clearly demonstrates the field-induced metamagnetic SDW-FM transition. At 5
T, the peak at 2θ ≈ 45.8◦ has almost disappeared. After the XRD measurement
in 5 T, the magnetic field was removed and an XRD pattern was collected in 0
T. No change in the XRD pattern is observed after the removal of the magnetic
field, nor during the subsequent field-increasing process. This is evidence of the
irreversibility of the SDW to FM transition, which is also observed in our magne-
tization measurements (see Fig. 7.1(d)).

The coexistence of the SDW and FM phases is also observed in the XRD pat-
tern (Fig. 7.10(d)) of the S3 sample measured at 10 K after zero-field cooling. The
field-induced SDW-FM transition is manifested by the increasing intensity of the
FM (210) peak at ≈ 45.1◦ with increasing magnetic field. The SDW-FM transition
is still not complete at 5 T, as indicated by the remaining peak at 2θ ≈ 46.3◦. There
is no signature of a recovery of the SDW phase during the subsequent field cycle
at 10 K (see Fig. 7.10(e)).
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Figure 7.10: XRD patterns measured at 300 K and 10 K in different magnetic field for the
as-prepared S0 (a), S1 (b-c), and S3 (d-e) samples.
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Table 7.4: Structural parameters for the S0, S1 and S3 samples in different magnetic states
obtained from X-ray diffraction.

Parameter Phase S0 S1 S3
a (Å) PM 6.013(1) 6.055(1) 6.014(1)

SDW - 6.058(1) 6.009(2)
FM 6.157(1) 6.158(1) 6.142(2)

c (Å) PM 3.478(1) 3.474(1) 3.484(1)
SDW - 3.442(1) 3.474(2)
FM 3.299(1) 3.331(1) 3.305(2)

c/a PM 0.578(1) 0.574(1) 0.579(1)
SDW - 0.568(1) 0.578(2)
FM 0.536(1) 0.541(1) 0.538(2)

The structural parameters derived from Rietveld refinement for the S0, S1
and S3 samples are summarized in Table 7.4. The magnetic transition is strongly
coupled to variations in the lattice parameters. The FM configuration is in com-
petition with an incommensurate magnetic configuration in the (Mn,Fe)2(P,Si)
compounds, and the relative stability of the two configurations strongly depends
on the c/a ratio [28]. The stability of the incommensurate magnetic configura-
tion is enhanced with the increase in c/a ratio [28]. As a result, a metastable
incommensurate magnetic configuration forms in the S1 and S3 samples with
large c/a ratios at low temperature. Additionally, the S1 and S3 samples have
a low TC , as indicated by the magnetization results shown in Figs. 7.1 and 7.2.
Due to the small thermal energy at low temperatures, the phase transition from
the metastable incommensurate phase to stable FM phase may be kinetically ar-
rested. As a consequence, the metastable incommensurate SDW phase coexists
with the stable FM phase at low temperatures in the S1 and S3 samples. An exter-
nal magnetic field promotes the FM phase and therefore drives the SDW to FM
transition.

7.7. METASTABILITY OF THE SDW PHASE

T HE S1 sample was used for further studies on the metastability of the SDW
phase, since its SDW-FM transition can be triggered by field and completed

below 5 T at low temperatures (see Fig. 7.1(d)). Fig. 7.11(a) compares isothermal
M-H curves measured at 5 K after cooling in different magnetic fields. To avoid
any thermal- (or field-) history effects, each M-H measurement was performed
on a different piece of the sample from the same batch.
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Figure 7.11: (a) Isothermal M-H curves for the as-prepared S1 sample cooled in different
magnetic fields. Open symbols indicate the magnetization process, and the solid line shows the
demagnetization process. The demagnetization curve is the same for all four conditions. (b)
Derived fF M -H at 5 K after cooling in different magnetic fields.
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A field-induced SDW-FM transition is present in all the samples cooled in a
magnetic field below 5 T. No metamagnetic transition appears in the subsequent
decrease and increase in magnetic field, indicating the formation of a stable FM
phase. Since the SDW phase has no net magnetization, the measured magneti-
zation is proportional to the fraction of FM phase ( fF M ). If we assume that the
sample cooled in 5 T is a pure FM phase (i.e., fF M = 100%), then the fF M -H curve
at 5 K for samples cooled in different fields can be derived using M(H)/M5T (H).
Fig. 7.11(b) shows that the sample cooled in zero magnetic field contains about
50% FM phase at 5 K, which is in good agreement with the neutron diffraction
and Mössbauer results (see Table 7.1 and 7.3). The FM fraction increases rapidly
with increasing H , reaching 100% at about 4 T. For the samples cooled in 1 and
2 T, the fF M remains nearly constant when the applied magnetic field is lower
than the cooling field, as illustrated by the initial plateau in the fF M -H curves.
When the applied magnetic field exceeds the cooling field, the SDW-FM transi-
tion is triggered and completed at around 4 T. It should be noted that there is a
clear difference in the fF M at μ0H = 1 T between the samples cooled in 0 T and
1 T (see Fig. 7.11(b)). This difference is due to the kinetic nature of the SDW-FM
transition.

The “CHUF” measurement protocol, i.e., cooling and warming in unequal
fields, as proposed by Banerjee et al [23, 36], provides a method to identify the
kinetic-arrest induced phase coexistence and its metastability. After cooling from
300 to 5 K in 0, 1 and 5 T, respectively, a magnetic field of 1 T was applied and M-
T measurements were performed on warming. The M-T curve of the sample
cooled in zero field shows an initial increase below 20 K and then merges with
the M-T curve of the sample cooled in 1 T (see Fig. 7.12(a)). The initial increase
of the magnetization with increasing temperature is associated with the de-arrest
of the SDW-FM transition and the resulting increase of the FM fraction. The SDW
phase is highly metastable and the increasing T and H converts it to the stable
FM phase. A high magnetization is observed for the sample cooled in 5 T due to
the absence of the SDW phase, as suggested in Fig. 7.11(b).

Magnetization relaxation measurements at various temperatures provide fur-
ther evidence for the metastability of the SDW phase. The as-prepared S1 sam-
ple was cooled down to various measurement temperatures in zero magnetic
field. After that, a magnetic field of 1 T was applied and the magnetization was
measured immediately after the field stabilization. As depicted in Fig. 7.12(b),
a notable relaxation in the M highlights the metastability of the SDW phase.
With the decrease of temperature, the relaxation becomes less pronounced. The
Kohlrausch-Williams-Watt (KWW) stretched exponential function [43, 44]Φ(t ) ∝
exp[−(t/τ)β] has been widely used to describe the magnetic relaxation behavior
in kinetically-arrested FOMT systems [13, 15, 16], where τ is the characteristic
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relaxation time and β is a shape parameter. The relaxation data below 20 K can
be fit well using the KWW function with β = 0.18, while noticeable deviations ap-
pear above 20 K. The τ increases markedly with decreasing temperature due to
the reduction in thermal fluctuation, as shown in the inset of Fig. 7.12(b). An
activation energy of ΔE = 0.24(3) kJ/mol can be derived from the ln(τ)-T curve
based on the Arrhenius equation.
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Figure 7.12: (a) Temperature-dependent magnetization of the S1 sample measured during
warming after being cooled in different magnetic fields. (b) Magnetization versus time measured
at 5 K after zero-field cooling. The temperature-dependence of the characteristic relaxation time
is shown in the inset.
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7.8. CONCLUSIONS

I N contrast to the common PM-FM phase transition in (Mn,Fe)2(P,Si) com-
pounds, a PM-SDW-FM transition is observed for some compositions. The

PM-SDW transition is second-order and accompanied with continuous changes
in the lattice parameters. The SDW-FM transition, first-order in nature, is strongly
coupled to discontinuous variations in the lattice parameters. The SDW-FM tran-
sition can be kinetically arrested, leading to a coexistence of the FM phase and
the untransformed SDW phase at low temperature. The untransformed SDW
phase is metastable at low temperatures, and can be converted to the stable FM
phase by magnetic field. The formation of the SDW phase originates from the
lower stability of FM phase at large c/a ratios. The SDW-FM transition is accom-
panied by a significant increase in the Fe moment and a slight change in the Mn
moment. This study sheds new light on the strong magnetoelastic coupling and
mixed magnetism in the (Mn,Fe)2(P,Si) system.
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8
APPENDIX

8.1. DETERMINATION OF A MAGNETIC STRUCTURE USING NEU-
TRON DIFFRACTION

D ETERMINATION of magnetic structures using neutron powder diffraction usu-
ally follows four steps:

(i) extract the magnetic reflections from the diffraction patterns;
(ii) obtain the propagation vector k of the unknown magnetic structure based

on the positions of the magnetic reflections;
(iii) perform representation analysis to get irreducible representations (IRs);
(iv) according to IRs, try different magnetic configurations to find out the rea-

sonable and best solutions.
As discussed in Chapter 7, the satellite reflections and the peak at Q ≈ 0.42 Å-1

are the contributions from the unknown magnetic phase (see Fig. 7.3 in Chapter
7). An automatic k-indexing procedure was performed using the k-search pro-
gram in the Fullprof package [1]. A propagation vector of k = (0.355(1), 0, 0) is
obtained, which is along the primitive vector a∗ in the reciprocal space. This in-
dicates an incommensurate magnetic structure (i.e., a helical spin configuration
or a spin-density wave), propagating along the a∗ in the reciprocal space.

The representation analysis [2, 3] was performed using the BasIreps program
in the Fullprof package [1]. Representation analysis yields two nonzero irre-
ducible representations (IRs) for both Fe and Mn moments on the 3 f and 3g
sites, respectively. One IR corresponds to both Fe and Mn moments along the c
axis, and the other corresponds to both moments within the ab plane. A helical
spin configuration with k = (0.355, 0, 0) is not allowed by the IRs. As a result, the
incommensurate-magnetic phase can be described by a sinusoidal spin-density
wave (SDW) with k = (0.355, 0, 0).

121
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Different magnetic configurations were tried to fit the diffraction patterns, as
shown in Table 8.1. The spin density wave with the Mn and Fe moments parallel
and perpendicular to k , respectively, gives the best fit with a magnetic R-factor of
about 8.4%. A schematic representation of this magnetic structure is presented
in Fig. 7.4 in Chapter 7.
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SUMMARY

T HE (Mn,Fe)2(P,Si)-based compounds show a strong magnetoelastic coupling,
in which the ferromagnetic (FM) to paramagnetic (PM) transition is coupled

to a structure change without altering the symmetry. A giant magnetocaloric ef-
fect is accompanied with the magnetoelastic transition, which makes
(Mn,Fe)2(P,Si)-based compounds promising materials for room-temperature re-
frigeration and energy conversion applications. This thesis stipulates ways of
tuning the magnetoelastic transition and clarifies the phase-transition process
on both length- and time-scales.

The tunability of the magnetoelastic transition in (Mn,Fe)2(P,Si)-based com-
pounds, triggered by subtle changes in the electronic configuration, is demon-
strated by varying the P/Si ratio (Chapter 3) and by doping with B, C and N atoms
(Chapter 4).

The differences in the magnetoelastic transition caused by changing the P/Si
ratio is attributed to the Si site preference in combination with changes in the
interatomic distances in the (Mn,Fe)2(P,Si) compounds (Chapter 3). The Si dis-
tribution on the 2c and 1b sites of the hexagonal crystal structures depends on
the Si/P ratio, while it is independent of the Mn/Fe ratio. The FM-PM magnetoe-
lastic transition is accompanied by a metamagnetic transition of the Fe atoms
on the 3 f site. The clear preference for Si to occupy the 2c site stabilizes the Fe
moment on the same layer due to the charge transfer between the neighboring
Fe and Si atoms. The intralayer interatomic distances expand for increasing Si
contents, which also enhances the Fe moment on the 3 f site. This finding is
supported by first-principle electronic structure calculations.

The magnetoelastic transition of (Mn,Fe)2(P,Si)-based compounds can also
be tailored by doping with B, C and N atoms (Chapter 4). The site occupation
of these light dopants within the crystal structure is resolved by neutron diffrac-
tion. B substitutes Si on the 1b site, while C occupies the interstitial 6 j and 6k
sites in the hexagonal lattice. N atoms occupy both the substitutional 1b and the
interstitial 6 j and 6k sites. The tuning effect on the magnetoelastic transition is
caused by subtle variations in the electronic configuration, which in turn mod-
ifies the mixed magnetism responsible for the excellent magnetocaloric proper-
ties in these compounds.

(Mn,Fe)2(P,Si)-based compounds show an unexpected thermal-history de-
pendent magnetoelastic transition, called the “virgin effect” (Chapter 5). The
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virgin effect is found to be related to a metastable state preserved in the as-
prepared sample after high-temperature annealing. The as-prepared samples
show larger variations in their atomic positions, as found by a structure analy-
sis. The metastable phase transforms irreversibly to the stable low-temperature
phase during the PM-FM transition upon the first cooling and is afterwards sta-
bilized. Due to this additional transformation the energy barrier that needs to
be overcome at the first cooling transition is higher and a lower TC is observed
in comparison to subsequent cooling processes. High temperature annealing
can restore the high-temperature metastable state, which leads to the recovery
of the virgin effect. Due to the change in TC at the first-cooling transition, the
as-prepared (Mn,Fe)2(P,Si) compounds should be precooled to remove the virgin
effect before being used in magnetic refrigerators and power generators.

Neutron and muon studies on the magnetic correlations in the PM regime
of (Mn,Fe)2(P,Si) provides, on both length- and time-scales, a better understand-
ing of the magnetoelastic transition (Chapter 6). Short-range magnetic correla-
tions are present at temperatures far above TC both for first and second-order
magnetic transitions. The short-range magnetic correlations extend in space
and slow down with decreasing temperature, and finally develop into long-range
magnetic order at TC .

Due to the strong magnetoelastic coupling, (Mn,Fe)2(P,Si)-based compounds
may be magnetically ordered in different magnetic configurations. In contrast to
the common PM-FM phase transition, an intermediate spin-density-wave (SDW)
phase is observed for some compositions (Chapter 7). The PM-SDW transition
is of second-order and accompanied with continuous changes in the lattice pa-
rameters. The SDW-FM transition, first-order in nature, is strongly coupled to
discontinuous variations in the lattice parameters. The SDW-FM transition can
be kinetically arrested, leading to a coexistence of the FM phase and the un-
transformed SDW phase at low temperature. The untransformed SDW phase is
metastable at low temperatures, and can be converted into the stable FM phase
by applying a magnetic field. The SDW-FM transition is accompanied by a sig-
nificant increase in the Fe moment and a slight change in the Mn moment. This
experimental finding fosters the strong magnetoelastic coupling and Fe moment
instability (the theoretically predicted mixed magnetism) in the (Mn,Fe)2(P,Si)
system.



SAMENVATTING

O P (Mn,Fe)2(P,Si) gebaseerde materialen vertonen een sterke
magneto-elastische koppeling, waardoor de faseovergang van de ferromag-

netische (FM) naar de paramagnetische (PM) toestand gekoppeld wordt aan een
structuurverandering, waarbij de kristalsymmetrie behouden blijft. Een reuze
magneto-calorisch effect gaat gepaard met de magneto-elastische faseovergang,
wat op (Mn,Fe)2(P,Si) gebaseerde stoffen veelbelovende materialen maakt voor
koeling bij kamertemperatuur en toepassingen op het gebied van energieconver-
sie. Dit proefschrift definieert manieren om de magnetoelastische faseovergang
af te stemmen en verduidelijkt het mechanisme van de faseovergang op zowel
lengte- als tijdschalen.

De afstembaarheid van de magneto-elastische overgang in op (Mn,Fe)2(P,Si)
gebaseerde stoffen, teweeggebracht door subtiele veranderingen in de elektro-
nenconfiguratie, wordt belicht door de P/Si verhouding te variëren (Hoofdstuk
3) en toevoeging van B, C en N atomen (Hoofdstuk 4).

De verschillen in de magneto-elastische overgang, veroorzaakt door de P/Si
verhouding te veranderen, worden toegeschreven aan de voorkeur van Si voor
posities in de kristalstructuur in combinatie met veranderingen in de interato-
maire afstanden in de (Mn,Fe)2(P,Si) materialen (Hoofdstuk 3). De verdeling van
Si over de 2c en 1b posities in de hexagonale kristalstructuur hangt af van de
Si/P verhouding, terwijl deze niet afhangt van de Mn/Fe verhouding. De FM-
PM magneto-elastische overgang gaat gepaard met een reductie van het magne-
tisch moment op de 3 f positie boven TC . De duidelijke voorkeur van Si om de
2c positie te bezetten stabiliseert het Fe magnetisch moment op dezelfde laag
door een ladingsoverdracht tussen de aangrenzende Fe en Si atomen. De afstan-
den tussen atomen van opeenvolgende lagen nemen toe bij toenemende Si con-
centratie, wat ook de magnetische momenten op de 3 f positie vergroot. Deze
bevinding wordt ondersteund door “ab initio” berekeningen van de elektronen-
structuur. De verschillen in de magneto-elastische overgang, veroorzaakt door
de P/Si verhouding te veranderen, worden toegeschreven aan de voorkeur van Si
voor posities in de kristalstructuur in combinatie met veranderingen in de inte-
ratomaire afstanden in de (Mn,Fe)2(P,Si) materialen (Hoofdstuk 3). De verdeling
van Si over de 2c en 1b posities in de hexagonale kristalstructuur hangt af van de
Si/P verhouding, terwijl deze niet afhangt van de Mn/Fe verhouding. De FM-PM
magneto-elastische overgang gaat gepaard met een reductie van het magnetisch
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moment op de 3 f positie boven TC . De duidelijke voorkeur van Si om de 2c posi-
tie te bezetten stabiliseert het Fe magnetisch moment op dezelfde laag door een
ladingsoverdracht tussen de aangrenzende Fe en Si atomen. De afstanden tussen
atomen van opeenvolgende lagen nemen toe bij toenemende Si concentratie,
wat ook de magnetische momenten op de 3 f positie vergroot. Deze bevinding
wordt ondersteund door “ab initio” berekeningen van de elektronenstructuur.

De magneto-elastische overgang van op (Mn,Fe)2(P,Si) gebaseerde materia-
len kan ook worden gevarieerd door toevoeging van B, C en N atomen (Hoofdstuk
4). De door deze lichte atomen bezette posities in de kristalstructuur is bepaald
met behulp van neutronenverstrooiing. B substitueert Si op de 1b positie, terwijl
C de interstitiële 6 j en 6k posities in het hexagonale rooster bezet. N atomen
bezetten zowel de substitutionele 1b als de interstitiële 6 j en 6k posities. De af-
stemming van de magneto-elastische overgang wordt veroorzaakt door subtiele
variaties in de elektronenconfiguratie, die op hun beurt het “mixed magnetism”
veranderen, wat verantwoordelijk is voor de excellente magneto-calorische ei-
genschappen in deze materialen.

Op (Mn,Fe)2(P,Si) gebaseerde stoffen vertonen een onverwachte afhankelijk-
heid van de thermische historie op de magneto-elastische overgang, dat bekend
staat als het “virgin effect” (Hoofdstuk 5). Het virgin effect blijkt samen te hangen
met een metastabiele toestand, die bewaard blijft in het “as-prepared” monster
na temperen bij hoge temperatuur. Structuuranalyse toont aan dat “as-prepared”
monsters grotere variaties in hun atoomposities vertonen. Tijdens de eerste af-
koeling de metastabiele fase transformeert irreversibel in de stabiele
lage-temperatuur fase bij de PM-FM overgang waarna de stabiele fase behou-
den blijft. Wegens deze extra transformatie is de energiebarrière die overschre-
den moet worden hoger bij de overgang tijdens de eerste koeling en wordt een
lagere TC waargenomen in vergelijking met de daaropvolgende koelingen. Tem-
peren bij hoge temperatuur kan de metastabiele toestand herstellen, wat leidt tot
terugkeer van het virgin effect. Wegens de afwijking in TC gedurende de eerste
koeling, moeten (Mn,Fe)2(P,Si) materialen vooraf gekoeld worden om het virgin
effect te elimineren, voordat zij gebruikt kunnen worden voor magnetische koel-
apparaten en elektriciteitsgeneratoren.

Studies met behulp van neutronen en muonen aan de magnetische corre-
laties in het PM regime van (Mn,Fe)2(P,Si) verschaffen een beter begrip , op zo-
wel lengte- als tijdschalen, van de magneto-elastische overgang (Hoofdstuk 6).
Magnetische correlaties van korte dracht zijn aanwezig bij temperaturen ver bo-
ven TC zowel voor eerste-orde als tweede-orde magnetische faseovergangen. De
korte-dracht magnetische correlaties breiden zich uit in ruimte en duur bij afne-
mende temperatuur en ontwikkelen zich tenslotte tot lange-dracht magnetische
ordening bij TC .
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Dankzij de sterke magneto-elastische koppeling kunnen (Mn,Fe)2(P,Si) ge-
relateerde materialen magnetisch ordenen in verschillende magnetische confi-
guraties. In tegenstelling tot de gewone PM-FM faseovergang wordt voor som-
mige samenstellingen een spindichtheidsgolf (SDW) fase waargenomen voor-
dat ferromagnetisme optreedt (Hoofdstuk 7). De PM-SDW faseovergang is een
tweede-orde overgang en gaat vergezeld van continue veranderingen in de roos-
terparameters. De SDW-FM overgang is een eerste-orde overgang en vertoont
discontinue veranderingen in de roosterparameters. De SDW-FM overgang kan
kinetisch geremd worden, wat leidt tot een co existentie van de FM fase en de
niet-getransformeerde SDW fase bij lage temperatuur. Het ongetransformeerde
deel van de SDW fase is metastabiel bij lage temperatuur en kan omgezet wor-
den in de stabiele FM fase door een magnetisch veld aan te leggen. De SDW-
FM overgang gaat vergezeld van een significante toename van het Fe moment
en een kleine verandering in het Mn moment. Deze experimentele bevinding
is een bevestiging voor de sterke magneto-elastische koppeling en de instabili-
teit van het Fe moment (het theoretisch voorspelde “mixed magnetism”) in het
(Mn,Fe)2(P,Si) systeem.
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1. Discovery of new material systems may renew the interest in old research
topics.

2. The tunability of magnetoelastic transition in (Mn,Fe)2(P,Si) upon doping can
be understood by the modifications on crystal and electronic structures.

3. In refrigeration and power conversion applications, the metastable states of
(Mn,Fe)2(P,Si) formed by high-temperature annealing or by a low-temperature
kinetic arrest need to be taken into consideration.

4. Magnetoelastic transition in (Mn,Fe)2(P,Si) is proceeded by the formation of
short-range magnetic correlations. The short-range correlations extend in
space and slow down on cooling, and finally develop into long-range order.

5. Mixed magnetism in Fe2P-type compounds is due to the distinct chemical
environment around the two metallic sublattice sites.

6. The capability to distinguish Mn from Fe and P from Si atoms, as well as de-
tecting sublattice magnetic moment, makes neutrons better than X-ray for
studying (Mn,Fe)2(P,Si).

7. Patents are good to protect commercial interest but not for the development
of science and technology.

8. Polarization in neutron and X-ray experiments is as powerful as spinning
balls in table tennis.

9. Tulip blooms after a cold winter, one grows after a tough period.

10. Pronunciation of “r” in Dutch for Asian people is as challenging as that of
“Zh-” in Mandarin for western people.

These propositions are regarded as opposable and defendable, and have been
approved as such by the promotor Prof. dr. E.H. Brück and copromotor Dr. ir. N.H.
van Dijk.
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