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Chapter 1

| ntr oduction

1.1 Magnetocaloric effect and magnetic refrigeration

The magnetocaloric effect (MCE) is defined as tiermal response of a magnetic material
due to the application of a magnetic field [1, Rlodern society shows a large interest in
using the MCE as an alternative technology for ttemventional vapor-compression
refrigeration, as ~15% of the total world wide ayerconsumption involves the use of

refrigeration (air conditioning, refrigeration, &&ng, chilling, etc.) [3].

Magnetic refrigeration is based on the MCE, whicmswliscovered in pure nickel in 1917 by
P. Weiss and A. Piccard [4]. Compared to the cotieeal vapor-compression, the major
differences are: (i) that magnetic refrigerationpéogs a solid refrigerant instead of gases,
(i) magnetic refrigeration is an environmentaltiehdly technology since it eliminates ozone
depleting gases, reduces the need for global warmgmreenhouse effect gases, and other
hazardous gaseous refrigerants. Besides, it has ibdieated that the cooling efficiency in
magnetic refrigerants can reach a theoretical liafit60%, compared to only 40% in
gas-compression refrigerators [5]. The schematinatestration of a magnetic refrigeration

cycle is shown in Figure 1.1.
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Figure 1.1 Schematic demonstration of a magnefigyesation cycle, which is analogous to the

conventional vapor-compression cycle [3].

1.2 Magnetocaloric materials

Magnetocaloric materials are essential to the magnesfrigeration. Among all the
magnetocaloric materials, febased Mn-Fe-P-Si compounds show the most prognisin

properties for magnetic refrigeration applications.

In 1926 Debye [6] and 1927 Giauque [7] proposeepathdently that the MCE could be used
to achieve ultra-low temperatures below 1 K. Later1933, Giauque and MacDougall
demonstrated the first operating adiabatic demazat&in refrigerator that reached 0.25 K [8].
The material they used was the paramagnetic sal{(9Gy)s-8H0). In 1976, Brown [9]
constructed a magnetic heat pump operating at neonperature using the rare-earth metal
Gd.

In 1997 Pecharsky and Gschneidner [10] discovdrad@dGe,Si, behaves as a giant MCE
material, pointing people’s attention into magnetiefrigeration. Since then, several
magnetocaloric materials were reported, most prentimre MnAg,Shy [11], La(FaSix)13

and their hydrides [12, 13], MnFefAsx [14], NigsdMNo50xShk [15] and MnCoGeB[16]. All

these materials show a large MCE due to the fidé&ionature of their phase transitions.
Some other factors that need to be addressed, H@vac magnetic refrigeration, are
thermal/field hysteresis, thermal/electrical cortduty, corrosion resistance, mechanical

properties, etc.



3 Introduction

1.3 Thesisoutline

The work presented in this thesis is a study of ¢hestal and magnetic structure, the

magnetocaloric effect and related physical propsiiti the Mn-Fe-P-X compounds.

In Chapter 2, some theoretical aspects of the M@&Edsscussed. The phenomenological
Bean-Rodbell model, that is commonly used to dbsediist-order phase transitions, is briefly
introduced. Also the magnetic form factor, whichretevant for Chapter 8 and Chapter 9, is

introduced.

In Chapter 3, a short review is given on experiraem¢chniques used for the sample

preparation, the structural characterization aeddgtermination of the magnetic properties.

In Chapter 4, it is shown that boron atoms in thef-P-As system occupy interstitial rather
than substitutional positions. The effects of igtiéial boron onlc and the magnetic moments
in the Mn-Fe-P-As system are described. The infteeon the magnetocaloric properties is

also discussed.

In Chapter 5, the effect of the transition metabstilution with Co, Ni and Cu on the
MnFe) o8P0 5Sih.s compound has been studied. Due to the differemgnetic behaviors on the
3g and 3 layers, substitution for Mn¢f or Fe(3) atoms results in a rather different behavior
on the thermal and/or field hysteresis, althougl terromagnetic ordering temperature

reduces in all the cases.

In Chapter 6, the tuneability of the thermal hys$e&s in Fe-rich alloys is addressed. By
varying the non-metal P/Si ratio, a small thermgs$thresis is achieved, while retaining a
large MCE. Besides, the structure, magnetism andjnetacaloric effect of Fe-rich

(Mn,Fe) ofP1xSik melt-spun ribbons were systematically studied.

In Chapter 7, a phase diagram of the crystal strac@nd magnetic transition as a function of
temperature and Fe content for theMy3FeP23Siy3 compounds has been established. The
magnitude of the thermal hysteresis and the magmitof the relative lattice parameter

changesAa/al and Ac/c| at the transition appear to be correlated.

In Chapter 8, high-resolution neutron diffractiomshbeen employed to determine the crystal
and magnetic structure, the magnetic moment and itiberatomic distances in the

Mnosde1 21 xSk melt-spun ribbons. With increasing Si content, #lgnment of the
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magnetic moment has changed from ¢kexis towards the-b plane. The magnetic moment

on both the § and 3 sites slightly decrease with increasing Si contearh x = 0.34 to 0.42.

Chapter 9 is dedicated to the effect of varying Me/Fe ratio in the MpgsxFeP2/3Siiz

compounds using high-resolution neutron diffractidfor increasing iron content, the

magnetic moment at the pyramidaj 8ite is unaffected (about 2u8), while the magnetic

moment on the tetrahedaf 8ite is gradually reduced from Iup for x=1.0 to 0.9 for

x = 1.4. The development of the magnetic momentraicdostrain for decreasing Mn/Fe ratio

in the system is discussed based on the changée imterlayer, intralayer and interatomic

distances.
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Chapter 2

Theoretical aspects

2.1 Thermodynamics

Generally, the Gibbs free enerdy is used to describe the magnetocaloric propeudfes
magnetic systems [1]. In a system with a magnettenal in an external magnetic fiell

under a pressuig the Gibbs free enerdy is given by:

G=U-TS+ pV- ME (2.1)
whereU is the internal energy of the systefithe absolute temperatu®the entropyM the
magnetization of the magnetic material ahthe volume.

Correspondingly, the total differential of G canvaetten as:

dG=Vdp- SdF Mdl (2.2)

For the Gibbs free enerdy, the internal parametel8, S V and (generalized thermodynamic
guantities), conjugated to the external variablesB and p, can be determined by the

following equations of state:

V(T.B p {Z—‘sj (2.32)
S(T, B 92_(%?) (2.3b)

M (T, B, p):—(g—(;j (2.3¢)
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Using the second law of thermodynamics, the spek#atC can be represented as

__(dS
C,(T,B)= T(EJBYP (2.4)

2.2 Bean-Rodbell modd

Bean and Rodbell proposed a model to describe thgneto-structural first-order phase
transition in MnAs [2, 3]. The framework of the nedvas extended to explain the first-order
phase transitions occurring in MnReRAsy [4, 5], Ga(Ge«xSk)4 [6], MNAS;«Sh [7, 8] and
LaFesxSik[9] compounds. The Bean-Rodbell model is based tlom molecular-field
approximation. The central consideration of the atod that the exchange interaction
parameter (or the Curie temperature) is a strongtion of lattice spacing. In this model, the

dependence of the Curie temperature on the volardedcribed as:

Te =To(1+ﬂv _V"] (2.5)
VO

whereTc is the Curie temperatur@y the Curie temperature in the absence of deformatio

the slope of the Curie temperature dependenceelattice deformation and can be positive

or negative,V the equilibrium volume and/; the volume in the absence of exchange

interactions.

In the molecular field approximation, the Gibbssfenergy for a magnetic system, consists of

the exchange interaction, the elastic energy am@#deman energy, and is described as:

2
37 J , 1 (V-=V V-V,
G(T,B)=-2[ L |NkTo?+—| LYo | & o|- TS Bg, I (26
=32 T ZK( voj !{V] g M (26)

whereld is the ion total angular momentuid,the number of magnetic ions per unit volume,

ks the Boltzmann’s constant, (M / gx; JN) the normalized magnetization per magnetic ion,

K the compressibilityS the entropyB the external magnetic field,the Landé factor ands
the Bohr magneton.

Substituting Eq. (2.5) into Eq. (2.6) and minimgithe free energys with respect to

equilibrium volume, we obtain:

V-V, 3
V, 2V, J(3+1)

Nk, BKT.0>— PK+a T (2.7)
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wherea is the coefficient of thermal expansion.
Substituting Eqg. (2.5) and Eq. (2.7) into Eq. (2&)d minimizing the free enerdy with

respect tar, the magnetic state equation is obtained:

o=B,(Y)= 2‘;; 1coth[(2J +1) Y} 1 cot?‘(—l ) (2.8)

2] 2] 2]

WhereBy(Y) is the Brillouin function and [6]

Y:l 3'];)( J j0+9ﬂ5~] B+9 (2‘]+1) _41 -5,703_3J:8pK To
T J+1 ks 5 [2(J+1):| J+1

Here, 5, involving the parameterk and g that are related to the volume change, is the

parameter controlling the order of the magneticsphaansition:

_5 [4J(3+DF

2[(23 +1)* -1\, NI KT8 (29)

1.0
n=175 MnFeP, , As,
n=1.5
0.8}
n=0
0.6
©o

04+

J=2 |
0.2 B=0T T

T,=293K T1\ %2
0.0 ' s

1 L 1 L 1 " 1 L
200 220 240 260 280 300
T (K)
Figure 2.1 Temperature dependence of the relatiegnetization of the MnFgRASyss
compound calculated in zero field with differentuss of parametey. ([5])
n =1 is the critical value to separate the firstesrand the second-order phase transition [6].
Figure 2.1 shows the relative magnetization of MRR6ASyss compound as a function of
temperature, in which thgT) curves have been calculated in zero field féecenty values.
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For 5 <1, the magnetic system undergoes a second-pitese transition and the curves
show a continuous change in the magnetizationsPof, the magnetic system undergoes a
first-order phase transition and a discontinuousngle occurs in the magnetization (indicated

by dashed vertical lines).
2.3 Deter mination of the magnetic entropy change

Entropy can be changed by varying of the magnedld,ftemperature and pressure for given
system parameters. The magnetic entropy and itsgehare closely related to the MCE value

and the magnetic contribution to the heat capacity.
The total entropy of a magnetic material can inegahbe described as:

S(T,B,p) =§(T.B,p) + S.(T,B, p) + S,(T,B, p) (2.10)
where§, & and S, are the lattice, electron and magnetic contrim#ito the total entropy,
respectively.

The full differential of the total entropy of a sked system is given by

ds= ("Sj AT+ {‘Bj dp{"sj : 2.11)
ot ). © \op), "B,

If both the magnetization and entropy are contisudunctions of the temperature and
magnetic field, then the infinitesimal isobarictisermal magnetic entropy change can be
related to the magnetizatioN], the magnetic field strengthl), and the absolute temperature

(T) using one of the Maxwell relations:

(OSM (T, B)l :[0 M(T, QJB (2.12)

0B oT

After integration this yields

di (2.13)

B

88, (M = [ dS( T 8 = j[wj

From the second law of thermodynamics (2.4), thegiration yields

S(T, B= §+ ITC(T ®) 41 (2.14)
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Neglecting the configurational entropy, then th&@py will be zero al = 0 K. That means
we can rewrite the Eq. (2.10) as

S(T,B= ITC (T.B) 4 (2.15)

Therefore, the entropy change corresponding teld éhangeAB is given by

TC(T B)- cp(T B)

= (2.16)

AS(T)ye = || 2

wherecp(T', B,) and cp(T', B) represent the specific heat at constant prespuie the
magnetic fieldB; andB;, respectively.

Considering constant pressure, Eq. 2.6 can be rewritten as

ds:(aS(T’ 3) dT+(a$T Bj dE (2.17)
), B ).

By combining the Egs. 2.7, 2.9 and 2.13, the infinitesimalbadia(TdS=0) temperature

rise for the reversible adiabatic-isobaric process cabtaned

dT(T, B=—-| — (aM(T’B)j dB (2.18)
’ c,(mB) )\l o1 J;

whereC (T, B) is the temperature and magnetic field dependeat &apacity at constant
pressurep. The adiabatic temperature chanyé (T),; is then found by integration of

Eq. 2.14:

_ _(el T OM(T, B)
ATad(T)AB—Ia dT(T, B= IB [Cp(T’ B)}B( 3T jB dE (2.19)

2.4 Magnetic neutron diffraction

Neutrons have zero charge and a negligible eledipole and therefore thegan easily
approach the point-like atomic nuclei in a matebiedore the nuclear scattering occurs. The
rather weak interaction of neutrons with matermtsbles the high penetration depth and
therefore is a non-destructive profdermal neutrons have wavelengths of abouft ag,

which is appropriate for diffraction by an atomicroolecular lattice [10, 11].
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Figure 2.2 Atomic coherent scattering length foerthal neutrons, the dashed line shows the

corresponding trend for X-ray scattering. A muctabier contrast is observed from one atom to the

following atom in the periodic table using X-rayd].
Neutron diffraction, based on constructive elasgttron scattering, is a powerful tool for
studying the atomic and/or magnetic structure ofagerial. The technique is similar to X-ray
diffraction but the different type of radiation @& complementary information due to a
difference in sensitivity. The scattering lengthriga from isotope to isotope rather than
linearly with the atomic number. The atomic cohérsoattering length as a function of
atomic mass for thermal neutrons is shown in Figuge A major difference from X-rays is
that the scattering is mostly due to the tiny nucfethe atoms. As a result, there is no need
for an atomic form factor for the nuclear scattgriof neutrons in contrast to X-rays.
Therefore, the neutron diffraction peaks at higgles still show a relatively high intensity

particularly if the experiment is done at low temrgiares [12].

In magnetic neutron scattering, the interaction isvbeh thespin moment of the neutron and
the magnetic moments of unpaired electrons and nuClemsidering the size of the magnetic
moment distribution of the electrons, it is comp@eao the wavelength of thermal neutrons
and thusan angle-dependent magnetic form factor is causesl td the interference.

Figure 2.3 shows the magnetic form factor of the*Matom as a function of the inverse
d-spacing. The magnetic form factor for neutronrdition falls off rapidly with angle like

X-rays. The magnetic form factor can be calculdtedn theoretical electron densities, or
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determined experimentally [13]. Note that, the negnform factor also depends on the

valence state of the atom or ion as it definesdd&l extends of the moment distribution.

1.0
0.8
5"“'*-){—."&)'5
0.4

0.2

Neutrons

1 1 1 1 |
0.0 0.1 0.2 0.3 0.4 0.5

(sin (/3 (108 em™)

Figure 2.3 The magnetic neutron form factor of’Moompared with the (normalized) X-ray

form factor [12] as a function of Sift.
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Figure 2.4 Magnetic from factor of f&f)° and Fg(3g)** atoms as a function of Sl obtained
from polarized neutron diffraction [14]. The dashmdve is a spherical form factor for free Fe
atom state calculated by Watson and Freeman, theuive is a calculated one for Featom
state by Watson and Freeman [15].
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Figure 2.4 shows the difference in magnetic forratda between Feand Fé&' ions. In
magnetic scattering, the cross section is senditithe orientation and the size of the atomic

magnetic moment and the scattering vector as tiwraores only scatter from the moment

component oriented perpendicular to the wave vdm'sfeé. This allows us to determine

the magnetic structures from the intensities of metig neutron diffraction peaks [16].
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Chapter 3

Experimental

3.1 Introduction

The materials presented in this thesis were prépareéhe section Fundamental Aspects of
Materials and Energy (FAME), Faculty of Applied &uces, Delft University of Technology
(TU Delft). Most of the structural and the magnetitaracterizations were carried out at
FAME, such as X-ray diffraction (XRD), magnetizatimeasurements using Superconducting
Quantum Interference Device (SQUID) magnetometeaffei2ntial Scanning Calorimetry
(DSC) measurements. The neutron diffraction measemés were carried out outside FAME.

A brief description on sample preparation and attar&ations is given in this chapter.
3.2 Sample preparation
3.2.1 High-energy ball-milling

A ball mill, a type of grinder, is used in grindirfgr mixing) materials. During the milling
process solid-state reactions are initiated throregeated deformation, cold welding and
fracture of the raw powder particles.

Vibratory ball mill: The vibratory ball mill and its cross section ashown in
Figure 3.1 [1, 2]. The device consists of a stasisteel jar with a hardened-steel bottom, the

central part of which is a tungsten-carbide disiside the vial, a single hardened-steel ball
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with a diameter of 6 cm and weight of 800 g is keptnotion by a water-cooled vibrating
frame. The vacuum of the system is less thaf rhbar. The vibration amplitude and the
milling time can be adjusted. The materials pres@nit Chapter 4 were prepared by using

this mill.

Figure 3.1 Ball mill and its cross section picture.

Planetary ball mill: A PULVERISETTE 5classic line planetary ball mill has also been
employed for the sample synthesis [3]. The schendiiwing of the planetary ball mill is
shown in Figure 3.2 [4]. 15 grinding balls (10 mnrardeter and 4 g each) and a typical
amount of 15 gram starting materials with apprdprigroportions were mixed. During the
milling process, the sample material is primariljushed by the high-energy impact of
grinding balls together with friction between thalb and the wall of the grinding bowl. The
grinding bowls with material and balls rotate arduheir own axis on a counter-rotating
supporting disc. The centrifugal forces causedhgydouble rotation of the grinding bowls
and supporting discs work on the contents of tledgrg bowls. The force, which can reach
10 times the earth’s gravitational force, causesrtitating balls to crash against the inside
wall of the bowl and thus crushing the materiale @rinding process take place in an argon
gas atmosphere with the adjustable rotation sp88d 400 rpm) and milling timeThe

materials presented in Chapter 5, 7 and 9 wereapedby using this mill.

The obtained fine powder was then pressed intoldatakbts and sealed in quartz ampoules
with an Ar gas atmosphere of 200 mbar. Then, thegpsss were sintered at 1273/1373 K for 2

hours and annealed at 1123 K for 20 hours befarggldarnace cooled to room temperature.
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Figure 3.2 Schematic drawing of planetary ball img! ([3])

3.2.2 Mélt-spinning technique

Melt-spinning is an important technique that is cduder rapid cooling of melts [5]. The
melt-spinner used in this thesis is produced byEdenund Bihler Company (Article No.

2460019) [6].

An as-cast ingot obtained by the induction-meligxghserted into a quartz tube with a nozzle.
The ingot is induction melted under an Ar gas atrhese (~800 mbar). By applying a

pressure difference the obtained liquid is ejetiedugh the nozzle onto the polished surface
of the rotating Cu wheel, which traverses with +8& surface speed. In this way melt-spun
ribbons are prepared. Cooling rates of 200 K/s can be achieved, that guaranty the
formation of nanocrystalline or glassy materialfieTas-spun ribbons were subsequently
annealed before being quenched into water at r@mnpérature. The materials presented in

Chapter 6 and 8 were prepared by this technique.
3.3 Sample characterization and magnetization measurements
3.3.1 X-ray powder diffraction

X-ray diffraction (XRD) patterns of the studied polystalline samples were collected using a
PANalytical X-pert Pro diffractometer with CudKradiation, a secondary-beam flat-crystal

monochromator and a multichannel X'celerator detectAn Anton Paar TTK450
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Low-Temperature Chamber with a flat sample holded a Pt 100 temperature sensor was
employed to perform the temperature-dependent XRfasurement [7]. Short cooling and
heating cycles (80 K to 723 K) are guaranteed H®y ¢combination of the LNC Liquid
Nitrogen Control Unit and the TCU 100 temperatuostml unit. Measurements may be
carried out either under vacuum, air or inert §dee X-ray diffraction patterns were analyzed

by means of the Rietveld method [8] using the Fafiprogram [9].

3.3.2 Neutron powder diffraction

Neutron diffraction data were collected at the Byrdgstitute of the Australian Nuclear
Science and Technology Organization (ANSTO) on E@HIDNA high-resolution powder
diffractomete10] with an incident wavelength of 1.622 A andta Institut Laue-Langevin
(ILL) on the D2B high-resolution powder diffractotee [11] with an incident wavelength of
1.595 A. The sample powder was contained in a vanag¢an which was mounted in an
Orange cryostat. The measurements were carriectofixed temperatures between 5 and
400 K in zero field. The crystal and magnetic suoe were obtained by means of the

Rietveld method [8] using the Fullprof program [9].
3.3.3 SQUID magnetometer

Magnetic measurements were carried out using sopéucting quantum interference devices
(SQUID) MPMS-XL and MPMS-5S magnetometer. The terapge range is from 1.7 to
400 K and the applied magnetic field up to 5 T. Tomest temperature of 1.7 K can be

reached by continuous pumping on a capillary comuketo the liquid helium (LHe) reservoir.

All samples were inserted in a gelatin capsule amounted in a plastic straw with
diamagnetic contribution of the order of 48m? in 1 T external magnetic field. Since the
SQUID utilizes an extremely sensitive detectiontesys the smallest moments that can be
detected are 1§ Am? the largest 10Am? with an accuracy of 0.1 % [12]. Thus, for a
magnetic material with strong magnetic signal, likerromagnetic materials, the
empty-sample holder signal can be ignored; for gmatic material with weak signal, like
diamagnetic materials, the sample holder was medsseparately and the contribution is

subtracted from the total magnetization.
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3.3.4 Differential scanning calorimeter

The differential scanning calorimetry (DSC) measueats were carried out using a
TA-Q2000 instrument (TA Instrument Company) equigbpeith a liquid nitrogen cooling
system. Employing the so-called Tzero™ DSC techmplthis equipment allows to measure

the heat capacity and latent heat directly witligé Iprecision.

The heat flux was measured as a function of tenyperal he temperatures can vary from 90
to 820 K, with variable temperature sweep ratese Hweep rate selected for the

measurements in this thesis is 20 K/min.
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Chapter 4
| nterstitial boron in MnFe(P,As)

giant-magnetocaloric alloy

4.1 Introduction

Magnetic refrigeration is a cooling technology whitakes advantage of the entropy
difference between the magnetized and demagnetiagels of magnetic refrigerant materials.
It represents an energy efficient and environmgnfekndly alternative for the vapor-cycle
refrigeration technology in use today. Recently nedgcaloric materials have been
intensively investigated, especially materials ugdeng a first order magnetic phase
transition [1-5]. The (Mn,FejP,As) compounds are known for their good magnéboica
properties: small thermal hysteresis, high magnetitropy change and large adiabatic
temperature changes. Another favorable point &f fdmily of compounds is the tuneability
of the working temperatures [6]. This is done bgraying the Mn:Fe and/or P:As ratios, thus
changing the lattice parameters, electron concimrand Curie temperaturebsj. However,
small changes in composition result in rather lactbanges inTc. Additionally, this often
results in slightly changed magnetocaloric propsrtiwhich need to be optimized
composition by composition. It is known that thegmetic and the magnetocaloric properties
can be affected by the application of physical gues[78]. Since physical pressure is an
impractical technique for applications, chemicadgsure is often used by the introduction of
interstitial elements. Thus, we searched for itteakelements, which would play the role of
gradually displacing the phase transition withcwdrging the magnetocaloric properties.
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4.2 Materials and methods

Polycrystalline Mg .og-€1 .00 5AS0.sBx compounds X = 0, 0.01, 0.02 and 0.04) were
synthesized using a high-energy ball-milling anlidsstate reaction. Appropriate proportions
of starting materials, pure Mn chips (purity 99.99% pieces (purity 99.9%), red-P (purity
99.99%), and the binary compoundsfand FeAs (purity 99.5%), were ball milled for 7
days under vacuum (about 1@nbar) in a vibrating ball mill. During the millingrocess
solid-state reactions are initiated through repkateformation and fracture of the powder
particles. The obtained mixtures were pressed tabdets and sealed in quartz ampoules
under an Ar atmosphere of ~ 200 mbar. All the samplere sintered at 1000 for 2 hours,
and then homogenized at 8%D for 20 hours and finally oven-cooled to room tengture.
Powder x-ray diffraction (XRD) was performed in ANRalytical X’'pert Pro diffractometer
with Cu Ka radiation, secondary flat crystal monochromatargd &’celerator real time
multiple strip (RTMS) detector system. The magnetieasurements were carried out in a
Quantum Design MPMS-5XL SQUID magnetometer in #magerature range 5 — 400 K and
magnetic fields up to 5T. The magnetic entropy ngeais derived from isothermal
magnetization measurements using the equation

M(T+AT/2,B)-M (T -AT/2,B )B

AT @)

AS (T,AB) = Z

whereAB is the sum ofAB ,M (T +AT/2,B) and M (T —-AT/2,B) represent the values of
the magnetization in a magnetic fieB at the temperature$ +AT/2 and T -AT/2,

respectively.
4.3 X-ray diffraction results

It is known that the lattice parameters change adisouously during the first-order
magnetoelastic transition [9-11]. Thus, to sepaitaeinfluence on the lattice parameters due
to the magnetic phase transition and the additfomterstitial elements, the powder X-ray
diffraction patterns of the Md-€1.0920.5AS0.sBx compoundsX = 0, 0.01, 0.02 and 0.04) were
collected at both 250 and 330 K (in the ferromaignetd paramagnetic states, respectively,
for all the compounds shown in Figure 4.1). Theultssshow that the reflections can be
identified with the hexagonal He-type phase. There is a minor MnO impurity phagh &
peak indicated by the arrow. Lattice parametersHaeen obtained from careful refinement
of the XRD data by Rietveld refinement [12] usihg t~ullprof [13] program, the results are
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summarized in Table 4.1. Due to thermal expandiwencell volumeV increases about 0.6%
from 250 to 340 K, the volume changeTatdue to the magnetoelastic transition is less than
0.1%. The boron addition mainly influences theidatparametea resulting in an increase of
0.2% (at both 250 and 340 K) when increasing bammcentration fronx = 0 tox = 0.04.
The lattice parametaris rather unaffected by the boron concentratidre &xpansion of the
lattice volume with increasing boron concentratiobserved in this study, indicates that the
boron atoms are entering the lattice as an intedselement rather than a substitutional
element. Note that, small B atoms replacing P isPFeduce the unit-cell volume and alter
both lattice parameteesandc [14], as shown in Table 4.1.

: 8 3 883
x=0.04 N N 340K
X=0.02 A ]\ A A
§ x=0.01 A ‘\ A AA
2 |x=0 Jl o
\g 4’X Aﬂ —
> T =) g 9 & 9a T
2 |x=0.04 ‘\3 e g 83 250 K
§ X=0. R [
c
= |x=0.02 A A A )
x=0.01 ,h - oy
(@]
X0 r L A
30 40 50 60

20 (degree)

Figure 4.1 X-ray diffraction patterns of M€ 0P sAS0 sBx compoundsX = 0, 0.01, 0.02 and
0.04) collected at 250 and 340 K (in ferromagnatid paramagnetic state for all the samples,
respectively). The arrow indicates the presenaminbr impurity phase MnO.

There are several possible Wyckoff positions thay he occupied by boron atoms as there
are several sites with a sufficiently large opetunes in the MnFe(P,As) unit cell. The
distinct difference between the response of lagpp@eameters andc suggests that boron, as
an interstitial element, prefers to occupy intéedtisites within thea-b plane. Introducing
boron as an interstitial atom, thus, results inegative pressure. This negative pressure is
primarily parallel to the basal plane and rai§esConcerning the application of pressure, one
generally distinguishes hydrostatic and uniaxiakpures. The effect of both types of pressure
on the parent compound JRe have been explored earlier: positive hydrostptiessure
reduces the size of the unit cell, changing thiéicEaparametera andc simultaneouslywyith
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the basal plane being more compressible tharcdpas [15,16]; uniaxial pressure onPe
single crystal (parallel to the-axis or perpendicular to theaxis) can provide a pressure

perpendicular or parallel to the basal plane, wHedds to increase or decrease Tef
respectively [17].

Table 4.1 Variation of lattice parametex<, V (volume) andt/a ratio (at 250 and 340 K), Curie
temperatureTc), maximal isothermal magnetic entropy chang&Sy) and the relative cooling
power RCP$) under the magnetic field changeB = 0 — 2 T of Mgode€ 08P0.5AS0.5Bx
compounds X = 0, 0.01, 0.02 and 0.04). For comparison, somsealte for Gd and R€,,B,
(x=0, 0.04, 0.08 and 0.15) from Ref. [1] and Ref][tdspectively, are presented as well.

Compounds a(h) c(A) V(A cla ('PI'(C) (3Ak%;li E“.Xl) Iz]cklz:]%)
Mno.o5-€1.05P0.5AS0 5Bx (250 /340 K) (250 /340 K) (250 /340 K) (250 /349 K
Xx=0 6.178/6.142 3.437/3.498 113.61/114.29 0.556885 290 11.3 131
x=0.01 6.182/6.146 3.436/3.498 113.70/114.46 (BAB5692 295 15.2 146
x=0.02 6.187/6.151 3.436/3.499 113.88/114.65 (BAH5688 301 13.4 149
x=0.04 6.190/6.154 3.434/3.498 113.97/114.74 (BAHB6384 305 14.3 162
Gadolinium 293 4.2 166
FeP.,B,"
x=0 5.872 3.442 102.78 0.5862 216
x=0.04 5.897 3.410 102.70 0.5782 358
x=0.08 5.916 3.370 102.14 0.5695 440
x=0.15 5.936 3.325 101.45 0.5602 528

*Reference [1] and **Reference [14].
4.4 Magnetic properties and magnetocaloric effect

Figure 4.2 shows the

temperature dependence of mim@gnetization of the
Mng ogF€1.05P0.5AS0.sBx compoundsX = 0, 0.01, 0.02 and 0.04) measured in a field.05d
with increasing and followed by decreasing tempgeatThe thermal hysteresis, between the
heating and cooling curves, indicates the magne#insition is of first order, which is
accompanied by a large magnetic entropy changedaisent heat. The thermal hysteresis
(AThys) is hardly influenced by boron doping and the ealare in the order of 1 or 2 K for all
compounds. The Curie temperature, derived fidAT curves, increases about 15 K with
increasing boron concentration fromm= 0 tox = 0.04. Note that, B substitution in the
FeP1.xBx compoundsX < 0.15) rapidly raises th&: (from 216 to 358 K when increase B
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content from O up to 0.04) [14]. Magnetic field uzetd phase transitions are at the basis of
the giant magnetocaloric effect. For all boron @ntrations a strong magnetic field-induced
transition with small magnetic hysteresis is obednas depicted in Figure 4.3. The magnetic

hysteresis is slightly reduced with increasing Inatoncentration.

25
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Figure 4.2 Temperature dependence of magnetizatioMng o€ 0o sAS0sBx compounds
(x=0, 0.01, 0.02 and 0.04) in a field of 0.05 Thatikmperature increasing and decreasing.

M (AmZiKg)

Figure 4.3 Isothermal magnetization curves of they §de; 5P sASesBx compounds X = 0,
0.01, 0.02 and 0.04) measured in vicinityTefwith increasing and decreasing magnetic field.
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The Arrott plot [18], which is obtained by plottirilge magnetizatioM measured in the field

uoH as a function oMM ?versusH/M, is an effective tool to determine the order & flhase
transition. Figure 4.4 shows the Arrott plots fbe tMny od-€1.09P0.5AS0 sBx compounds with
x =0, 0.01, 0.02 and 0.04 in the vicinity of thegspectivelc's. The S-shaped curves confirm
the occurrence of a first-order magnetic phasesitian (FOMT) in all compounds [19].
However, the S shape is less pronounced for thepconmd with the highest boron

concentration.

The isothermal magnetic entropy changes derivenh fitte magnetization data are shown in
Figure 4.5. A small amount of boron addition sliglgnhances the magnetic entropy change,
the values of maximum magnetic entropy changes field change of 2 T are shown in
table 4.1. The relative cooling power (RCP) [20paameter which evaluates the magnetic
cooling efficiency of magnetocaloric materials ®&ses with increasing boron content. The
full width at half maximum qTrwnm) Of the entropy change also increases with inangas
boron content. The increase of RGPy¢alues is probably caused by the widening Téwnm
due to the less pronounced FOMT for the higher @amtent compounds.
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Figure 4.4 Arrott plots of the MRde1 05P0.5AS0.sBx compoundsX = 0, 0.01, 0.02 and 0.04)
obtained from magnetized isothermal magnetizatiata dneasured in the vicinity of their

critical temperatures.
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Figure 4.5 Isothermal magnetic entropy changeshefMnmn od-€; 0sP0.5AS0.sBx compounds
(x=0, 0.01, 0.02 and 0.04) in a field change of 2 T

The competition between the intra-layafiplane) and the inter-layer (parallelad
plane) exchange interactions can be characterigest lthec/a ratio, resulting in the change
of the Curie temperatufé, 8, 14 and 21]. Uniaxial pressure studies onpi#aent compound
Fe,P show that, a change on either lattice paranaeteic will alter the Curie temperature: it
increases by applying pressure al@ngvhile it decreases applying pressure perpendi¢ala
¢ [17]. With hydrostatic pressure both lattice pagéens contract simultaneously. The change
in Curie temperature is associated with a changéodh a and ¢ and is therefore best
characterized by the/a ratio. It is claimed that the strongest ferromagnetic exge
interactions are the ones between the differenteseaeighbor § intra-plane atoms and
affected the most by th#a ratio, while the ferromagnetic exchange interatibetween the
inter-layer (3-3f sites) are less affected by ttia ratio [11, 21]. In other words, a change of
the c/a ratio will cause a shift ifc. In the case of hydrostatic positive pressureesPFa is
much more compressible and goes down much fastacthhus decreasinga and resulting
in a decrease dic [22]. If thec/a ratio remains constant, a const@gtwould be expected. In
our study, the boron doping expands #ib plane, having little influence on the lattice
parametec, which makes the/a ratio decrease, resulting in the upward shiff @f
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4.5 Conclusions

The (Mn,Fe)(P,As)B; compounds X = 0, 0.01, 0.02 and 0.04) crystallize in the
hexagonal F#>-type structure and boron atoms occupy interkssiies within the basal plane.
First-order magnetoelastic phase-transitions witlalsthermal and magnetic hysteresis are
observed in all these compounds. The ferromagoediering temperatures increase by boron
addition. The optimal working temperatures can inely adjusted by varying the boron
content without losing the good magnetocaloric props. Both the maximal magnetic
entropy changes and the RCP are slightly enhanmedllif boron concentrations. All these
features make boron addition a good tool to turgt imyprove magnetic and magnetocaloric
properties in (Mn,FejP,As) compounds.
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Chapter 5

Transition metal substitution in Fe,P-based
M nFey g5Pg 5051050 Magnetocal oric compounds

5.1 Introduction

Magnetic refrigeration has attracted much attenfiorrecent years as a promising and
environmentally friendly alternative to conventibn@as-compression cooling [1-6].

Magnetocaloric materials that undergo a first-ordexgnetic phase transition (FOMT) are
being intensively investigated. However, the thdrimgsteresis, which is a characteristic
feature of a FOMT, is unfavorable for thermal cgcl&he reduction of thermal hysteresis

(ATnys) is an essential issue to practical refrigeraéipplications.

FeP-based MnFeRAs, compounds are known as promising materials formatg cooling,
presenting small thermal hysteresis (less than,2aKarge magnetocaloric effect and easy
tuneability of the optimal operating temperatum@rti ~200 to ~340 K) by varying the P/As
ratio [4, 7]. However, the toxicity of arsenic haanp the use of this material in practical
applications. Following studies on both MnFe(P,{8¢and MnFe(P,Si) [9] compounds have
shown the successful replacement of the toxic ai¢m@esenic, at the expense of a latdeys

of ~10 K and 35K, respectively. The limited awhility of Ge puts the Mn-Fe-P-Si

compound as the best candidate among¥ased compounds so far. It is found that a large
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temperature span and small,s can be achieved by varying the Mn/Fe and/or P/(pe(S
ratios [10, 11]. Moreover, Co and Ni substitutidos Fe in Mn-Fe-P-Ge compounds reduce

the thermal hysteresis, while retaining good maagedoric properties [12].

In the Mn-Fe-P-Si compound, Mn and Fe atoms prbfgraccupy the § and 3 sites,
respectively, where ions in thg 3ites show much larger magnetic moments thanothéte

3f sites [9]. First-principle electronic structure lazdations suggest that the high and
low-moment sites show a different magnetic behavioe 3y sites show a more localized
magnetism, while 3sites show weak itinerant magnetism [11]. Thug, $bstitution of
different elements on@Bor ¥ sites may have different effects on the magnetid a
magnetocaloric properties. In this chapter, we shiogv sensitivity ofTc and the thermal
hysteresis on the replacement of Fg{8n(3g) by transition metalg.g.Co, Ni and Cu, in the

MnFe&) o8P0 50510.50 cOmpound.
5.2 Sample preparation

Polycrystalline FgP-based (Mn,Fe, T)3o50Si050 (T = Co, Ni and Cu) compounds were
prepared by ball-milling and solid-state reactioAppropriate amounts of starting materials
of Mn (99.9%), Si(99.999%) chips, binary compourP (99.5%), red-P (99.7%),
Co (99.8%), Ni (99.9%) and Cu (99.9%) powder weligeah and ball-milled for 10 h. The
ball-milled powder was then pressed into smallgiband sealed in quartz ampoules in an Ar
atmosphere of ~200 mbar. The samples were sintgr2d@73 K for 2 h and then annealed at
1123 K for 20 h before being furnace cooled to raemperature. For a better homogeneity,
the obtained bulk samples were re-annealed at 13#8 RO h and finally quenched into
water. X-ray diffraction patterns were collectedzero field using a PANalytical X-pert Pro
diffractometer using Cu &K radiation, a secondary-beam flat-crystal monochtomand a
multichannel X'celerator detector. A supercondugtquantum interference device (SQUID)
magnetometer (Quantum Design MPMS 5XL) with theépmcating sample option (RSO)
mode was employed for magnetic measurements itethperature range of 5 - 400 K and in
magnetic fields up to 5 T. Differential scanninglocanetry (DSC) measurements were

carried out using a TA-Q2000 DSC calorimeter ieraperature range of 90t 820 K.



Transition metal substitution in Be-based MnFgoesPo 50Sb 50 magnetocaloric ... 35

5.3 Sructural, magnetic and magnetocaloric properties

The (Mn,Fe) 98P0.50Si0.50 compound shows & of 395 K andAThys of 16 K, as obtained from
the DSC measurements. The X-ray diffraction pats&ows that the sample crystallizes in the
hexagonal Fg>-type structure (space groBg2m). Due to the site preferences of Fe and Mn,

the 3 and ) sites will be occupied by Fe and Mn, respectively.
5.3.1 MnFepg5xC0xPo.50Si0 50 cOmpounds

X-ray diffraction patterns collected at 473 K, whiés a temperature at which all the
compounds are in the paramagnetic state, indidst all the samples crystallize in the
hexagonal F#-type structure. The cell volume decreases withessing Co content, as Co
(1.26 A) has a smaller covalent radius than FE(AB The lattice parameterdecreases and
c increases with increasing Co content, as showigare 5.1. We find that the/a value

increases linearly with increasing Co content.
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Figure 5.1 Variation of lattice parameters obtairfiemm XRD patterns measured at 473 K for

MnFe& 05xC0Po 5050 50 (X = 0, 0.02, 0.04, 0.08, 0.12 and 0.16).

The temperature dependence of the magnetizatioth&®MnFe@ 95xC0Po 50Sih.50 (X = 0.04,
0.08, 0.12 and 0.16) compounds measured in a field ® is shown in Figure 5.2. The

temperature dependence of the magnetization shewssharp first-order ferromagnetic to
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paramagnetic phase transitions accompanied bya tamperature hysterea$yys of ~15 K

between heating and cooling curvégs.decreases almost linearly with increasing Co aunte
(see the insert in Figure 5.2). The reductiom®Buggests that the replacement of Bel¢y

Co weakens the ferromagnetic (FM) ordering, whglkeansistent with the results for similar
substitutions in Mn-Fe-P-X (X = As, Ge) compoun@iBe AThys value is rather constant when
Fe(d) is replaced by Co up to 0.16 at. %, implying tthet FOMT is retained and the energy
barrier for nucleation [13] is hardly changed. Th&havior is unexpected since it is found

that Co substitution on the Fé3ite in Mn-Fe-P-Ge compounds reduces BatandAThys,

while retaining a sharp magnetic transitiom@{12].
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Figure 5.2 Temperature dependence of the magrietizaeft MNFe 95,CoPo 505ip.50 (X = 0.04, 0.08,

0.12 and 0.16) compounds measured in a magnelit diel T. The insert shows the transition

temperatures obtained from DSC experiments.

Figure 5.3a shows the isothermal magnetizationdoonpasured for increasing and decreasing
magnetic field in the vicinity off¢c for the x=0.16 sample. Due to the largdhys the
isothermal magnetization has been measured by #¢tieoch discussed by Carenal [14]. A
strong magnetic field-induced transition and adafigld hysteresis confirm the first-order
nature of the transition. All these results imphatt the FOMT is retained when F§(3s

replaced by Co in MnhgsxCoPos50Sihsocompounds. The corresponding magnetic entropy
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changes (ASy) can be derived using the Maxwell relation. Thduga are shown in

Figure 5.3b.
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Figure 5.3 Isothermal magnetization curves of theFR) ;dC0y 160505 s0cOMpound measured
in vicinity of its Tc with increasing and decreasing magnetic field up5td (a) and its

corresponding magnetic entropy changes as a funofitemperature in different fields (b).
5.3.2 Mny.yCoyFep 0sPos0Si0.50 compounds

As shown above, the replacement of Fe by Co orré{d) site in MnF@. 98P0 50510 50 results
in different behavior compared with the effect bk tsame substitution in Mn-Fe-P-Ge
compounds [12]. Therefore, we have investigatedthamo series of compounds, the

Mn1.,CoyFey o 56S.s0(y = 0, 0.04, 0.08, 0.12, 0.16, 0.20, 0.24 and 0.28Ere Mn(3) is
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replaced by Co. The variation in lattice parametats Co content is shown in Figure 5.4. It
is found that Co substitution reduces théattice parameter while it increases théattice
parameter and th&a ratio. Replacement of Mng® by Co reduces the Curie temperature and
broadens the ferro-paramagnetic phase transitionreter, the thermal hysteresis is
gradually reduced with increasing Co content, aswshin Figure 5.5, suggesting that the

energy barrier for nucleation is reduced when Mh(8 replaced by Co.
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Figure 5.4 Variation of lattice parameters obtaifredn XRD patterns measured in zero-field for

MnyyCoFey o0 505l0.50(Y = 0, 0.04, 0.08, 0.12, 0.16, 0.20, 0.24 and 0.28).
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Figure 5.5 Temperature dependence of the magrietizaft Mn,.,Co,Fe, ¢5Po.50Si0.50(y = 0.08, 0.12,

0.16, 0.20, 0.24 and 0.28) compounds measuredniagrnetic field of 1 T.
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Figure 5.6 Isothermal magnetization curves of tha.J@o,Fe) o8P 505i050(y = 0.20, 0.24 and 0.28)

compounds measured in vicinity of th@gswith increasing and decreasing magnetic field up 1o

Isothermal magnetization data of the compounds.K3o,Fey 98P0 50Si0.50 (Y = 0.20, 0.24 and
0.28) was measured in the vicinity of th&y's for increasing and decreasing magnetic field
up to 5T, as shown in Figure 5.6. A magnetic figdduced transition and small field

hysteresis are observed for the sample with0.20, suggesting that the first-order nature of
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the transition is kept when MngBis replaced by Co up to 0.20 at.%. Samples witigher
Co content (up to 0.28 at.%) display a second diklephase transition, where field induced
transitions and magnetic hysteresis are hardlyrgbde suggesting that the first-order nature

of the transition is suppressed.
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Figure 5.7 (a) Magnetic entropy changes under faddnges of 0-2 T (open symbols) and 0-5 T
(solid symbols). (b) Arrott plots obtained from iieasing field magnetization isotherms in vicinify o

the transition temperature for the M&o,Fe) osPo s0Sihs0(y = 0.20, 0.24 and 0.28) compounds.

Figure 5.7a, shows the isothermal magnetic entropgnges ASy) of the compounds
Mn1,CoFe&y 98P0 50550 (y = 0.20, 0.24 and 0.28) for a field change of 2 &, the
maximum values ofAS, decreases with increasing Co content. The Artott[h5], which is

obtained by plotting the magnetizatidh measured in a fieldgH asM? versusH/M, is an
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effective tool to determine the order of the phaamesition. Figure 5.7b shows the Arrott plots
for Mny.,Co,Fe& 98P0 505i0.50 With y = 0.20, 0.24 and 0.28 in vicinity of their respeetTc's.
The S-shaped curve for the= 0.20 sample confirms the occurrence of a FOMTritHew
increasing the Co content, yields a less pronour&stape curve, while it retains a small
thermal hysteresis (< 1 K), suggesting that thasiteon is still of first-order. Thus, a small
AThys and a large MCE can be obtained when the magtmatisition is controlled to be close

to the border separating the first- and secondrardgnetic transition regimes.

5.3.3 (M n,Fe,Ni)1,95P0,508io,50 and (M n,Fe,Cu)1_95Po_5OSi 0.50 compounds

Figures 5.8a and 5.8b show the temperature depeeadeh the magnetization for the

compounds where Feffaand Mn(3)), respectively, are substituted by Ni. Ni subsiitas on
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Figure 5.8 Temperature dependence of the magrietizateasured in a magnetic field of 1 T of
compounds: (a) Mnk@s«NixPos0Sins0 (x =0.08 and 0.16), (b) MgNiyFey osPo 5050050 (Y = 0.08,
0.16 and 0.24), (c) Mnk@Cly 1dP0 5051050 (d) My.ofCUo 107€1.98P0 50510 50

both the Fe(® and Mn(3) sites in the (Mn,Febso 505050 compound result in similar
magnetic properties. Th&Tyys decreases with increasing Ni conteld.is strongly reduced
with increasing Ni content, while the reductionTf is faster with a Ni substitution on the

Fe(d) site than with Ni substitution on the Mgy3site. Figures 5.8c and 5.8d show the
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temperature dependence of the magnetization focdhgounds with 0.4t.% Cu substitution
on the Fe(® and Mn(Q) sites, respectively. Interestingly, with increwsiCu content the

AThys increases markedly, whilk: strongly decreases.
5.4 Discussion

Figure 5.9a shows the transition-metal content deépece ofTc with substitutions on the
Fe(¥) and Mn(Q) sites, respectively. The reductionTgfor an increasing transition-metal
content is independent of the transition metal igge@nd independent on the site
(Fe(¥)/Mn(3g)) they have been replaced, indicating that theofeagnetic interaction is
weakened with transition-metal substitution. Howetee slopes of the curves are different.
Tc is the most sensitive to Cu substitution and éaest sensitive to Co substitution. As for the
same transition-metal substitution on differentesitTc is more sensitive when a
transition-metal is substituted on the FgtBan on the Mn(@ site. Additionally, we found
that an increase in the transition-metal conteatideto an increase in the lattice parameter
ratio c/a, which changes at the same ratd@sThe exchange interaction between the nearest
Fe(¥)-Mn(3g) inter-layer is known to be responsible for feregnetic ordering in
Mn-Fe-P-Si compounds and is more sensitive to obmmgc/a ratio than to changes in the
lattice parameters and c itself. Substitution essentially alters the intemaic distances,

indicating a strong distance dependence of theamgsinteractions.

Figure 5.9b shows the dependence\®fys on the transition-metal content when substituted
on the Fe(B and Mn(Q)) sites, respectively. It is found that the subsitin of Fe(3)/Mn(3g)

by Ni reduces\Thys, While the substitution by Cu increasgg,s Interestingly, the slopes of
the composition dependence/dF, s are the same for the same transition-metal subestiton

different crystallographic sites.

Substitution of Fe(@/Mn(3g) by Co results in inconsistent behavior of thertied and field
hysteresis. Replacement of Fg(By Co results in hardly any change on #kys and the
large field hysteresis suggests, that the firseprdature of the phase transition retains.
Replacing Mn(8) by Co reduces thaTys and field hysteresis, indicating that replacing
Mn(3g) by Co can lower the energy barrier for nucleatiothe FOMT and gradually pushes
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the FOMT towards the SOMT. The large MCE is retdimath the substitution of Fe{Bby
Co and is slightly reduced with the substitutiorMi(3g) by Co, implying that the weakened
FOMT reduces both the hysteresis (thermal and)featd the MCE.
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Figure 5.9 Overview of c andATyys as function of the transition metal content in
(Mn,Fe, T) osP0.505i0.50 cOmpounds .

5.5 Summary

The effect of transition metal substitution oft and ATns has been studied in
(Mn,Fe, T) o0 56Si0.50 (T = Co, Ni and Cu) compounds. X-ray diffractioatierns imply that
all the compounds crystallize in the hexagonaPRgpe of structure. It is found that all these
transition metal substitutions for Mn(3g)/FE(3veaken the ferromagnetic ordering. Ni
substitutions reduce the thermal hysteresis, wihiée Cu substitutions enhance the thermal
hysteresis. Moreover, the Co substitutions for Mih&duce thermal hysteresis, while the Co

substitutions for Fe@result in hardly any change in thermal hysteresis
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Chapter 6

Structure, magnetism and magnetocalorics of

Fe-rich (Mn,Fe),45P1.,Siy melt-spun ribbons

6.1 Introduction

As described in chapter 4 MnRgRs, compounds are known for their good magnetocaloric
and magnetic properties. However, the toxic elemarsenic can be an obstacle for
applications in household refrigeration appliandesvarious studies As was successfully
replaced by Ge and/or Si retaining the charactesistf the GMCE [1-5]. As discussed in the
previous chapter for Si, the thermal and field égessis may markedly increase.

It has been shown, that the thermal hysteresisariMn-Fe-P-Ge compounds can be strongly
reduced by adjusting the ratio of Mn/Fe and/or R/tBe heat treatment and the synthesis
method [6]. In the Mn-Fe-P-Si system there appéarbe also a metallurgical issue: it is
difficult to avoid the formation of impurity phasel® most cases this impurity phase is the
(Mn,Fe)Si phase [4]. A strong reduction of the impurityaph has been observed on
adjusting the metal to non-metal ratio in the MehriMn-Fe-P-Si compounds [7]. As we
observed that the amount of impurity phase stroniglgends on the quality of the starting
materials, a melt segregation may help to avoidumiyp phases in the final sample.
Melt-spinning combines liquid phase segregationrapit solidification, which may result in

fine grained single phase materials. In this chapthe structural, magnetic and
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magnetocaloric properties of the Fe-rich J\dgre .d1xSik melt-spun ribbons have been

investigated.
6.2 Sample preparation

Polycrystalline Fe-rich (Mn,Fe)fP,Si) melt-spun ribbons were prepared using thé me
spinning technique. Appropriate proportions of tatgr materials, pure Mn chips (purity
99.99%), Fe granules (purity 99.98%), Si piecesi{p®9.99%) and the binary compounds
Fei 2P (purity 97%), were put in a quartz crucible anelted by radio-frequency induction
heating in an argon atmosphere. The obtained ingete then put into a quartz tube with a
nozzle at the bottom, melted and ejected througmtizzle on to the Cu wheel rotating at a
surface speed of 40 m/s. The as-spun ribbons wereated at 1100 °C for 2 hours before
guenching into water. A total of 11 compositiondvrip sd=€1.2dP1 xSix were studied, with x =
0, 0.12, 0.18, 0.24, 0.30, 0.33, 0.34, 0.36, 00340 and 0.42. The X-ray diffraction patterns
were collected at various temperatures with a PgiNall X-pert Pro diffractometer using Cu
Ko radiation, a secondary-beam flat-crystal monochtomand a multichannel X'celerator

detector.

A superconducting quantum interference device (Q)Uhagnetometer (Quantum Design
MPMS 5XL) with the reciprocating sample option (RS®@ode was employed for magnetic
measurements in the temperature range of 5 -40&nd in magnetic fields up to 5T.
Measurements are performed on 1 - 2 mg of powdempkes and temperature scans are
performed at a sweep rate of 2 K/min. The diffaenscanning calorimetry (DSC)
measurements were carried out using a TA-Q2000 DSument in the temperature range
from 90 to 820 K.

6.3 Structure and phase formation

The room-temperature X-ray diffraction patternsigate that all Si containing quaternary
samples studied crystallize in the hexagonaPRgpe structure (space gro&p62m). Only
the ternary sample Mrd~e; > crystallizes in the orthorhombic §btype structure (space
group Pnma), in good agreement with earlier results [8]. X-rdiffraction patterns are
frequently used to determine the amount of impyshgses. In the Mn-Fe-P-Si system this is
not straightforward, because the strongest charsiitereflection of the cubic (Mn,Fe5i
phase, a well-known impurity phase of Mn-Fe-P-Sinpounds, usually overlaps with the
(210) peak of the main phase in the ferromagneéted4, 9, 10]. This implies that X-ray



Structure, magnetism and magnetocalorics of Fe-rich (Mn,Fe)1 g5sP1.xSx melt-spun... 49

patterns below and above need to be analyzed. As indicated by the dasined in Figure

6.1, no secondary phases were detected.

Temperature
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& | e | A
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Figure 6.1 X-ray diffraction patterns of MgFe, . 5510 34 recorded at different temperatures

The lines indicate the (210) peak positions beforé after the phase transition.
Figure 6.1 depicts the evolution of X-ray diffrastipatterns with temperature in thrange
30° - 60° for thex = 0.34 sample in the temperature range of 298-Ki8ecorded upon
heating. Within this temperature range tke 0.34 sample undergoes a ferromagnetic
(FM) - paramagnetic (PM) phase transition withdudirnge in the crystal structure. The X-ray
pattern at 348 K shows the coexistence of bottFleand PM phase, a characteristic feature
of a first-order phase transition. With increastagperature the (300) and (002) peaks shift

towards each other, indicating the lattice constam@indc change in opposite sense.

Figure 6.2 shows the temperature dependence of ldtice parameters for the
Mng sd€1. 21 xSik compounds withx = 0.33, 0.37, 0.40 and 0.42. For all these contiposi,

the thermal evolution of the lattice parametenesembles an S-shape rather than a linear
response. An inverted S-shape is observed for dtied parametea. Thus, while thec
parameter shows the expected increase with inoigasmperature tha parameter shows a
contraction upon heating over a wide range of teatpees. For an increasing Si content, the
discontinuous change in lattice parameteiTatbecomes less pronounced. Besides,is
shifted to higher temperature with increasing Smteat. Finally, the lattice parametar

increases while decreases with increasing Si content.
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Figure 6.2 Temperature dependence of the latticanpetersa andc of the Mn, ;e .4, Si,
compounds withx = 0.33, 0.37, 0.40 and 0.42 derived from X-rayrddtion patterns measured
upon heating. (arrows indicate the jump in latpegameter in the two-phase region)
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Figure 6.3 Temperature dependence of the volumtheMn, (Fe P, S, compounds with

x=0.33, 0.37, 0.40 and 0.4%erived from X-ray diffraction patterns measurednitrogen
atmospheres upon heatjng
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These observations strongly support an exceptiomapling between the magnetism and the

elastic properties of the lattice in these compsu@bviously, this is not limited to the direct

vicinity of T¢, but a rather broad temperature range above dowv e is affected by this

coupling. The width of this temperature range at tanomalous behavior appears to be

inversely correlated with the size of the discambns change in lattice parameterTat In

other words the transition is smeared out overgelatemperature interval with increasing Si

content, while the nature of the transition retdirst-order.

Table 6.1 Structural and magnetization data fop MFe; .d1..Sik compounds.

Tyt?w?e o T™w T AT O3 Density”
XSO agnetc () K0 o) (9 g e
transition AB=2T
0 O  AFM-PM 208
012 H  AFM-PM 138
018 H  AFM-PM 134
024 H FM-PM 195 397 61 12 6.55
030 H FM-PM 258 4.27 14 15 6.51
033 H FM-PM 338 438 2 10 6.48
034 H FM-PM 350 457 3 11 6.49
036 H FM-PM 375 442 1 12 6.48
037 H FM-PM 392 4.47 2 6.47
040 H FM-PM 427 4.43 2 6.46
042 H FM-PM 451 386 1 6.45
ls IS spontaneous magnetic moment given ggf.u., H = hexagonal, O = orthorhombic,

AFM = anti-ferromagnetic, PM = paramagnetic, FM exrbmagnetic, thd¢ values are determined

from the heatingM vs. T curves, the thermal hysteresis is measured at*T'ie values are obtained

from zero-field DSC measurements with sweeping o&t20 K/min. **The density is estimated from

X-ray diffraction pattern measured at room tempeeat

Discontinuous changes and nonlinear variationatiice constants at and around the FM-PM

phase transition, confirm the presence of a firdeo magneto-elastic transition (FOMET).

The coexistence of two phases at the transiti@momdirmed, as two sets of lattice parameters
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are obtained. It is interesting to note that, altfiothe changes in lattice parameteesdc at

the phase transition are of the order of a per@nthey are in the opposite sense, they result
in a rather small volume change (< 0.1%), as degi@h Figure 6.3The overall thermal
volume expansion is linear and the coefficient ofume expansion is 3.7xP0K™, in the

same order of magnitude as pure Fe and Ni.
6.4 Magnetism and magnetocaloric effect

The temperature dependence of the magnetizatidheoMmn sd=€1 21 xSix compounds
with 0 < x < 0.36 measured in an applied magnetic field ofid glotted in Figure 6.4. For the
compounds withx =0, 0.12 and 0.18, an antiferromagnetic (AFM) argomagnetic phase
transition is observed, the Néel temperatuiig are 208, 138 and 134 K, respectively. For
the compounds with higher Si content, a FM-PM phiagsesition is observed and tfie
increases from 195 K fax = 0.24 to 375 K forx = 0.36, as shown in Table 6.1. All the
magnetization curves plotted were chosen from #worsd cooling-heating cycle. The so
called “virgin-effect” [2, 11] curves are excludexhd all the magnetization curves are
reproducible in subsequent cycles. For the compouwith x> 0.37, theTc values are not
measurable using the SQUID magnetometer due to lithi#ation of the accessible
temperature range. The thermal hysteresis,g) between the cooling and heating transitions
drastically reduces from ~61 K for = 0.24 to ~2 K forx = 0.33 and the small thermal
hysteresis is retained when further increasingo&tent upto 0.42 wt.% (see Figure 6.5). The
existence ofAThys confirms the first-order nature of the transitiarich is usually associated
with the large MCE [12].

Figure 6.5 shows the temperature dependence of simecific heat @) for the
Mng ed-€1.21 xSl compounds withk = 0.37, 0.40 and 0.42 measured in zero-field using
Differential Scanning Calorimeter (DSC). A smalktmal hysteresis between the cooling
(dashed lines) and heating (solid lines) is obskrvEhe transition temperatureld,
determined from the peak position upon heating,3@2 427 and 451 K for = 0.37, 0.40
and 0.42, respectively. The pronounced thermaktffeonfirm the first-order nature of the

transitions.
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Figure 6.4 Temperature dependence of the magrietizat the Mn e, ., Si, compounds
with x = 0, 0.12 and 0.18, measured in a field of 1 Trupooling. For the compounds with

x=0.24, 0.30, 0.33, 0.34 and 0.36, measurements parformed in a field of 1 T upon both
cooling and heating.
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Figure 6.5 Temperature dependence of the spedifat bf the Mggde .., Si, compounds

with x = 0.37, 0.40 and 0.42 measured in zero-fighhn cooling (dashed lines) and heating
(solid lines).
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Figure 6.6 shows the magnetic field dependence ué tmagnetization of the
Mno sd-€12P1 xSk compounds withk = 0, 0.12, 0.18, 0.24, 0.30, 0.33, 0.34, 0.367,0B40
and 0.42 at 5 K. The compounds with a Si contesrnff.24 to 0.42 are ferromagnetic and
their spontaneous magnetic momeids) @are between 3.86 and 4.bg/f.u.. These values are
in agreement with those obtained from our neutndinadtion results (see Chapter 8). Note
that, theMs values of Fe-rich Mysd~e1 2P1xSik compounds are the largest among all the
FeP-based Mn-Fe-P-X (X = As, Ge and Si) compoundd.[23-16]
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Figure 6.6 Field dependence of the magnetizatigh@Mn, ;e ,P,.,Si, compounds measured
at 5K.

Figure 6.7 (a) shows the isothermal magnetizabops$ measured in the vicinity d for the

sample withx = 0.33. A pronounced magnetic field-induced PM-Fihsition is observed,
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which is accompanied by a small magnetic field énedtis between the field increasing and
decreasing magnetization curves. These results thenfirst-order nature of the magnetic
phase transition. For the samples with a largentaEhysteresis, the isothermal magnetization
curves were measured following the method discubge@aronet al. [17]. The isothermal
magnetic entropy changeA&,) has been derived from the magnetic isothermsgugie
Maxwell equation (2.12). Figure 6.7 (b) shows theperature dependence of the isothermal

magnetic entropy change of tke 0.33 sample in different magnetic field changes.
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Figure 6.7 Magnetic isotherms of the e, 2P0 6751033 compound in the vicinity of it$¢ (a)

and the magnetic entropy changes for different raigfield change (b).
Figure 6.8 shows the temperature dependence ah#lgmetization curveB(T) in different
magnetic fields upon cooling and heatiiig.and the thermal hysteresis are field dependent.
The Tc values on heating shift to higher temperatures viiiicreasing field, indicating
enhanced ferromagnetic interactions. The magniefid induced PM-FM transition observed
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in the Figure 6.7 (a), is triggered by this enha@nE® interaction. The insert in Figure 6.8
shows a linear increase o with applied magnetic field. The rat&T/AB) is about 4.4 K/T.

AThys Shows a slight reduction for increasing magnesicl f
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Figure 6.8 Temperature dependence of the magrietizat the Mny gd=€1 2dP0 6751033 cOMpound

measured with increasing temperature and then asiagtemperature.

6.5 Conclusions

We have synthesized the YhFe, . «Sik (0< x< 0.42)single phase compounds using the
melt-spinning (rapid solidification) technique. Althe compounds form in the fRetype
hexagonal structure, except a.dype orthorhombic structure of the Si-free J\Vdre, .
compound. The compounds withe4< x < 0.42 present a FM-PM phase transition, while the

compounds with lower Si content show an AFM-PM ghiaansition.

In the My sd-e1 2P1xSik compoundsTc andATyys are not only Si content dependent, but also
magnetic field dependent. By increasing the Si@&oinfromx = 0.24 to 0.42T¢ increases
from 195 to 451 K andTyysis strongly reduced from ~61 to ~1 K¢ increases andThys
decreases with increasing magnetic fiel[c/AB is about 4.4 K/T. Mgesd=€r2dP1xSix
compounds show large spontaneous magnetic moméhtsalues up to 4.54g/f.u.. A large
MCE with a small thermal hysteresis is obtainedutiameously in Fe-rich Mysd=€1.2dP1xSix
melt-spun ribbons. The compounds with a high waykemperature may also be useful for
other applications.g. thermomagnetic generators and heat pumps.
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Chapter 7

Structure, magnetism and magnetocalor ics of

Fe-rich Mny g5 ,FelP,3S13 compounds

7.1 Introduction

In Chapter 6, we reported the structure, magnetemd magnetocalorics in Fe-rich
(MnFe) osP1xSix compounds, in which the ferromagnetic (FM) — paagnetic (PM)
transition temperature can be easily tuned fromt@9%1 K by varying the P/Si ratio. The
thermal hysteresis is strongly reduced from ~6DKxf= 0.24 to ~2 K forx = 0.33 and the
small value is retained up t®=0.42. While on the metal sites, the transitioetals
substitution (Chapter 5) shows strong effects mbf on the magnetic interaction, but also on
the thermal and field hysteresis. In this chapier,show systematic studies on the structure,
magnetism and magnetocalorics of Fe-richiMpFeP,sSii;z compounds by varying the

Mn/Fe ratio.
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7.2 Sample preparation

Polycrystalline Fe-rich MywsxFeP2/3Siyz compounds witlkk=1.0, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6,
1.7, 1.8, 1.9 and 1.95 were prepared by ball ngiliechnology, followed by a solid-state
reaction as described in Chapter 5. The X-ray aliffon patterns were collected at various
temperatures with a PANalytical X-pert Pro diffacieter using Cu & radiation, a
secondary-beam flat-crystal monochromator and atichahnel X'celerator detector. A
superconducting quantum interference device (SQUitdgnetometer (Quantum Design
MPMS 5XL) with the reciprocating sample option (RS®ode was employed for magnetic
measurements in the temperature range of 5 - 4@dKin magnetic fields up to 5 T. The
differential scanning calorimetry (DSC) measurermemere carried out using a TA-Q2000

DSC instrument in the temperature range of 90 K82
7.3 Structure and phase formation

X-ray diffraction patterns show that all the MigxFeP.s3Sis compounds with 1.8 x<1.6
crystallize in FgP-based hexagonal structure. The compounds witkehige content show a
body-centered orthorhombibdo) to hexagonalhex) structural transition. A phase diagram
of the crystal structure and magnetic phase tiansitas a function of the temperature and Fe

content is shown in Figure 7.1.

700
I Mnq o5 xFexPo/3Siy3
600 |
500 |
+ PM - hex TC
400 |
X
r-/*//O/ /
L ,O’ ,
200 -~ /
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100 | /
/
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1.0 1.2 1.4 1.6 1.8 2.0

Figure 7.1 Phase diagram of the Fe content deperdefithe phase transition temperatures of
the Mny gs54F6P,/sSiys compoundsTc is the magnetic ordering temperature upon codlapgn

circles) and heating (solid star$},is thebco - hex structural transition temperature.
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Figure 7.2 X-ray diffraction patterns collected 513 K (FM) and 475K (PM) for the
Mn; osxF8P23Siiz compounds withx = 1.0 (a) anck = 1.2 (b).

Intensity(arb.unit)

T=573K

111
201
210
X
|
-
(]

300
211
002

QAR

222
13 240

051 042
242

40 5
20 (degree)

- 0
321
a 123
E
13
| #7251
161

60

Figure 7.3 X-ray diffraction pattern of the= 1.9 compound collected at 473 K (FMbeo) and

573 K (FM —hex).

Figure 7.2 shows the X-ray diffraction patternslexied at 173 K (ferromagnetic state) and

475 K (paramagnetic state) for the representataraptesx = 1.0 (a) andx=1.2 (b). The

hexagonal F#-type structure (space group62m) is confirmed below and above the

FM-PM phase transition. For= 1.0 sample, a minor impurity (Mn,:8) phase (~0.36%) is

observed. This phase is only observed in the pagaet& diffraction pattern, as this

reflection peak is overlapping with the (210) pedkhe main phase in the FM state [1]. For

x = 1.2 sample, a single phase pattern is confirmed.
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Figure 7.3 shows the X-ray diffraction patternslexbkd at 473 K (FM bco) and 573 K
(FM - hex) for thex = 1.9 sample, these confirmbao-hex structural transition and a single

phase sample. The lattice parameters are list€dbie 7.1.

Table 7.1 Lattice parameters of the 1.9 compound in FMbco and FM -hex crystal structure.

x=1.9
Temperature Crystal Space Lattice parameters
(K) structure  group  a(A) b (A) c(A) V (A3
473 hex P-62m 6.0583 6.0583 3.3363@ 106.07@
573 bco Imm?2 6.558% 10.446% 6.1445 420.98
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Figure 7.4 Temperature dependence of the latticanpetersa andc of the Mn gs<F&P23Siiz
compounds withk = 1.0, 1.1, 1.2, 1.3 and 1derived from X-ray diffraction patterns measured
upon heatingarrows indicate the jump in lattice parameterthintwo-phase coexistent region).

Figure 7.4 shows the temperature dependence of ldtice parameters for the

Mn1.95xF8P213Si1s compounds withk = 1.0, 1.1, 1.2, 1.3 and 1.A.discontinuous change of
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the lattice parameteis andc is observed at the transition for all the compaurd shifts
with about 2 K/%Fe to higher temperature with iasiag Fe content.

For increasing temperature, the lattice parameteasdc change abruptly at the transition,
while only a small volume expansiom\{{/V) of <0.1% is observed. For all these
compositions, the thermal evolution of the lattig@rametersa and ¢ show discontinuous
changes at the transition, confirming the transiti® of first-order. TheAa and Ac values
decrease with increasing Fe content (see Figuie The relative lattice parameter changes
|Aa/al and Ac/c| decrease from 2.2% and 4.1% for 1.0 to 0.24% and 0.54% far= 1.4,
respectively (see Table 7.2). Comparing thesgal and Ac/c| values with theAThys, it is
found that the magnitudes of the relative lattiegameter changes are correlated with the
magnitude of the\T,ys However, since both parameters are extrinsicretaionship is just
qualitative.

Table 7.2 Curie temperaturédj upon heating and thermal hystere€idis) determined from

zero field DSC measurement with a sweeping rateOdK/tnin, [Aa/al andAc/c| are relative

lattice parameter changes at the transition foMhggsFeP,/sSii s compounds.

Composition Tc (K) AThys (K) |[Aa/al (%) Ac/c| (%)
x=1.0 269 65 2.2 4.1
x=1.1 290 49 1.9 3.5
x=1.2 311 25 1.4 2.6
x=1.3 326 11 0.77 1.1
x=1.4 345 6 0.24 0.54

7.4 M agnetism and magnetocaloric effect

Figure 7.5 shows the temperature dependence oh#gmetization of the MnysxFeP2/3Sii/z
compounds with 1.8 x< 1.5 measured in an applied magnetic field of 1B&cause the
materials are prone to the virgin-effect, all thagmetization curves are plotted from the
second or third heating-cooling cycles and thus rapeatable. The existence of thermal
hysteresisATnys) confirms the first-order nature of the transitiovhich is usually associates
with a large MCE [2] ATyys drastically reduces from ~65 K far= 1.0 to ~4 K forx = 1.5.
DSC measurements show th&ys is further reduced to ~1 K for=1.7. Very small values

of AThys are retained for higher Fe content compounds ftsgere 7.1). All the compounds
show a FM-PM phase transition. Their transition gematures upon heating increase almost
linearly from 269 Kfor x = 1.0 to 345 K fox = 1.4. For higher Fe contents, a steeper increase

in Tc is observed.
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Figure 7.5 Temperature dependence of the magrietizat the Mn; g5,FeP>/3Sii;3 compounds
with 1.0<x < 1.5, measured in a field of 1 T upon cooling aedting.
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Figure 7.6 Temperature dependence of specific béahe Mn gs4F6P23Siy;z compounds

measured in zero field with a sweeping rate of 2MiK upon heatingT; indicates théco-hex
structural transition temperature.

Since the Fe and Mn atoms favor thé &nd 3 sites, respectively, in Fe-rich
Mn gsxF&P23Sii;3 compounds, the excess Fe atoms occupy ¢heit8s. It appears that the
ferromagnetic Fe/Mn@-Fe(J) interlayer exchange coupling is enhanced by thtoing Fe
on the @ sites, as more Fe atoms on the 3g sites, strandignced ¢ (see Figure 7.1 and
7.6). Note that, thé&c of the Mn-free compound is in good agreement withvalue reported

in reference [3]. For the compounds with £0<1.2, the FOMT is pronounced. A further
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increase of the Fe content (& < 1.95) strongly weakens the first-order natureafsition,

as shown in Figure 7.6.

Figure 7.7 shows the magnetic field dependence Iloé tmagnetization of the
Mn gsxF&P23Siiz compounds with 1.8 x< 1.9 at 5 K. All the compounds are ferromagnetic
at 5 K. The saturation magnetic momenis)(are between 3.1 and 4.g/f.u.. The moment is
independent from the Fe content for the compounitls w0<x< 1.2 and decreases with
further increasing the Fe content. T¥e of Fe-rich Mn_gsxFePP,3Sii;3 compounds are larger
than that of Mn-rich Mn-Fe-P-Si compounds [4]. lontrast with the enhancement of the
Fe/Mn(3))-Fe(d) interlayer exchange coupling, the reduction ef thagnetic moment in the
Fe-rich Mn gsxFePP.3Siis compounds, suggests that the local electron cardigpn is
dominant to the size of the moment, thus confirmangrore localized magnetism on thg 3

sites.

B (M

Figure 7.7 Field dependence of the magnetizatidch®@Mn g¢s,F6P2sSiis compounds measured

at 5K.
Figure 7.8a and 7.8c show the isothermal magneaiiz&ops measured in the vicinity o
for the Mn gs«FeP23Siyz compounds withx = 1.2 and 1.4, as representatives. Since the
compounds show a lard€lnys, the magnetization data were collected with tlog Imethod as
discussed in reference [5]. For tle= 1.2 compound, a magnetic-field induced PM-FM
transition is reflected in the S-shaped magnetimatisotherms, while the field-induced
transition is not visible for the compound with thigher Fe content = 1.4. The isothermal

magnetic entropy changeA&,) has been derived from the magnetic isothermsgutie
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Maxwell equation (2.12). The AS, value as a function of temperature for the
Mn1 gsxF&P2/3Siz compounds withk = 1.2 and 1.4 are shown in Figure 7.8b and 7.8e T
lower MCE for thex = 1.4 compound is due to lower magnetic moment ahd broader

FM-PM phase transition that is possibly related twider spread in local critical temperature

[6]
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Figure 7.7 Magnetic isotherms of the Mg FePsSi;; compound withx = 1.2 and 1.4n the
vicinity of their Tc values(a and c) and the magnetic entropy chamgetifferent magnetic field

change (b and d).

7.5 Conclusions

We have synthesized single phase:MgpFeP23Siiz compounds with 1.8 x< 1.95 using
ball-milling technology and solid-state reactioAd. the compounds show a FM-PM phase
transition. The compounds witt< 1.6 crystallize in FgP-based hexagonal structure, for the
higher Fe content compoundsheo-hex structural transition is observed. In contrasthe
Mn-rich Mn-Fe-P-Si system, no coupling between th@gnetic and structural transition is
found [7].
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Tc andAThysin the Mn gsxFeP23Siiz compounds can be easily tuned by adjusting thelrfre/

ratio. By increasing the Fe content frorw 1.0 to 1.95, thdc increases from ~269 to ~647 K

and theAThys strongly reduces from ~65 to ~1 K.

The reduction in the magnetic moment of the Fe-kich o5xFefP,/3Sii3 compounds, suggests

that the dominant effect on the size of the momisnthe change in local electron

configuration rather than the interlayer exchangepting, thus confirming a more localized

magnetism on theg3sites.
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Chapter 8

Neutron diffraction study on the magnetic structure
of Fe,P-based (M nFe), osP1.4xSix melt-spun ribbons

8.1 Introduction

The giant magnetocaloric effect (GMCE), that isoagsted with a first-order magnetic
transition (FOMT), makes near room-temperature raagmefrigeration attractive as a highly
efficient and eco-benign technology [1-7]. We dism®d a GMCE in the EKB-type
hexagonal (Mn,Fe]P,Si) compounds. Initially a large thermal hyssesd> 20 K) associated
with the FOMT in MnFe(P,Si) hampered the use of thiaterial for cyclic applications [8].
By varying the Mn/Fe ratio well away from 1, thestimal hysteresis has been significantly
reduced to about 1 K for specific P/Si ratios whte GMCE is well preserved [9]. The
discovery of high-performance and low-cost (Mnff¢)Si) compounds paves the way for

commercial applications.

The earlier results show that Mn and Fe prefertyptaccupy different alternating
layers in the F# structure. A high local magnetic moment is asdedi with the Mn layer
and a lower moment with the Fe layer. For a Mné&®rthat is unequal to 1, the excess Fe or
Mn atoms will inevitably occupy the other layer.Sequently, the site disorder will affect
the magnetic interactions. Meanwhile, first prideiplectronic structure calculations suggest
that the origin of the GMCE is the coexistence tobrgy and weak magnetism in alternate

atomic layers. The weak magnetism (disappearanéecaf magnetic moments at the Curie
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temperature) is responsible for a strong coupliitg e crystal lattice [9]. Knowing how the
site disorder affects the local magnetic momeneath layer will help understanding the
property-tuning mechanism. With neutron diffractiothe magnetic structure and the
distribution of Fe and Mn atoms can be resolved Wiijle Fe and Mn can hardly be
distinguished by X-ray diffraction. The insight abited from these experiments will provide
a handle to further improve this material for apafions.

8.2 Experimental details

The Fe-rich compounds Mede1 2dP1xSik (X = 0.34, 0.37 and 0.42) were prepared by
the melt-spinning technique. The melt-spun ribbeese produced under argon atmosphere at
a 40 m/s surface speed of the copper wheel. Tisp@as+ibbons were subsequently quenched
into water after annealing at 1100 °C for 2 houree X-ray diffraction patterns were
collected at various temperatures in zero fielshgig PANalytical X-pert Pro diffractometer
equipped with an Anton Paar TTK450 low-temperattinamber using Cu & radiation, a
secondary-beam flat-crystal monochromator and atichahnel X'celerator detector. The
neutron diffraction data were collected at the Brdgstitute of the Australian Nuclear
Science and Technology Organization (ANSTO) onE@HIDNA high-resolution powder
diffractometer with an incident wavelength of 1.6R210]. The sample powder was
contained in a vanadium can which was mounted oryastat. The measurements were
carried out at fixed temperatures in the ferromégrand the paramagnetic state in zero field.
The refinement of all the diffraction patterns waexrformed by the Rietveld method [11]
using the FullProf program [12]. A superconductopgantum interference device (SQUID)
magnetometer (Quantum Design MPMS 5XL) with theépmcating sample option (RSO)

mode was employed for magnetic measurements beédovik4
8.3 Structural parameters

X-ray diffraction measurements indicate that al tompounds Mysde1.21xSik (X = 0.34,
0.37 and 0.42) crystallize in the hexagona}F-g/pe structure (space grolp62m). As
shown in Figure 8.1, the contour plots display ttiermal evolution of the X-ray diffraction
patterns of all the compounds. For the compounds xvi 0.34 and 0.37, a discontinuity of
the diffraction peak positions at the transitiomperatures indicates a step change in lattice
constants. While the compound with the highest Gitent & = 0.42) shows a nearly

continuous peak shift.
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Figure 8.1 Contour plots of the X-ray diffractiontjgans for Mn egg=€1 2dP1 xSik compounds with
x=0.34 (a), 0.37 (b) and 0.42 (c) on heating. he on the upper-right corner represents the
normalized intensity scale.

This variation indicates that the nature of thensrion has changed from FOMT towards

SOMT (second-order magnetic transition) when thedBtent increases fror= 0.34 to 0.42.



72 Chapter 8

The representative (300) and (002) peaks shifh@ndpposite direction, indicating that the
lattice constantsa andc change in opposite sense. The lattice consiamé¢creases and
increases upon heating, resulting in hardly anywa change at the transition for all three
compounds. The Curie temperature of all the the®mpounds can be obtained from the
contour plots. The values dfc are 350, 392 and 451 K for = 0.34, 0.37 and 0.42,
respectively. Such high optimal working temperasucembined with the GMCE make the
Fe-rich Mn-Fe-P-Si system a good candidate for botagnetic cooling and energy
conversion [9].

Table 8.1 Structural parameters of theghfre, -1 xSik compounds witkx = 0.34, 0.37 and 0.42

obtained from the Rietveld refinement of the neutudiffraction patterns measured in the

paramagnetic state. Space groBg2m. Atomic positions: 8Fe ;, 0, 0); 3-Mn/Fe (., 0, 1/2);
2c-P/Si (1/3, 2/3, 0); B-P/Si (0, 0, 1/2).

x=0.34 x=0.37 x=0.42
Parameters PM (400 K) PM (440 K) PM (475 K)
a(A) 6.02284 6.04228 6.08222
c(A) 3.4366% 3.42506 3.39664
V(A3 107.963 108.293 108.819
3f X1 0.254% 0.2543 0.2545
n(Fe)h(Mn ) 0.246/0.004 0.241/0.009 0.239/0.011
39 Xo 0.619 0.63% 0.615%
n(Fe)h(Mn ) 0.085/0.165 0.090/0.160 0.092/0.158
2c n(P)in(Si) 0.113/0.053  0.10%/0.062  0.089/0.078
1b n(P)n(Si) 0.053/0.03%  0.053/0.03Q  0.056/0.027
Re(%) 4.09 4.37 5.29
Rup(%0) 5.33 5.60 7.13
P 4.88 5.14 4.30

In the paramagnetic state, only nuclear scattedagtributes to the neutron diffraction
patterns and the site occupancy can be determineefining these patterns. The refinement
of the neutron diffraction patterns confirms thexdgponal FgP-type structure (space group
P-62m) for all the compounds and shows a minor (Mns&e)mpurity phase (see Figure 8.2a,
with x = 0.34 as an example). It is found that, for Ak ttompounds Mysd=€r 21 xSix
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(x=0.34, 0.37 and 0.42), the Fe and Mn atoms a&fem@mbly situated in the tetrahedrbBd

the pyramidal § sites, respectively. Thef 3ite is nearly completely occupied by Fe atoms
(Mn atoms occupy about 2 - 4%), while thg Ste is occupied by Mn atoms and the excess
Fe atoms. Mn and Fe are randomly distributed aadvth/Fe ratio is about 64.4/35.6, which
IS in good agreement with the nominal value of E8lM. We also find that there is no site
preference for Si and P: both atoms are randomstributed (see Table 8.1). This
arrangement is the same as the MnkAB, compounds [13], but is different from the data
reported for the MmFe oPosG& 2 compound, where Ge has been found to prefer the 2

site [14]. The detailed structural parameters arergin Table 8.1.
8.4 Alignment of magnetic moment

In the ferromagnetic state, the magnetic structcae be determined by refining the
diffraction patterns. Since earlier studies shoat tthe magnetic moments align along the
c-direction in the parent alloy Ee[15] and within thea-b plane in MnFeRsSips
compound [16], we first assumed that the alignneérithe magnetic moments is either along
the c-direction or within thea-b plane. By comparing the two refinements, a bditing is
obtained with magnetic moment along thdirection. This indicates that the alignment of
magnetic moment is rather along theirection than within the-b plane for thex = 0.34
sample. However, further exploration shows that best fitting is obtained when the
alignment of the magnetic moment is canted °~a8@ay from c-axis (Figure 8.2c). To
illustrate the significance of the magnetic conitibn to the low temperature neutron
diffraction patterns we plot the nuclear and maignis in Figure 8.2. When comparing the
refinement with only nuclear scattering (Figurel8.2nd the refinement with both nuclear
and magnetic scattering (Figure 8.2c), there agmifstant differences between the observed
and calculated intensity in the low-anglé ange of the neutron diffraction pattern, as
expected from the almost compensated nuclear factof of Mn and Fe on theg3site.
Interestingly, by allowing the angle to be free, eidtained an optimized rotation angle of,29
46° and 67 with respect to thec-direction for thex = 0.34, 0.37 and 0.42 samples,
respectively. The refined parameters are listefiable 8.2. This suggests that the alignment
of the magnetic moment strongly depends on thefient. Note that, such a deviation from
the c-direction has previously been reported for the poomd MnFeR7Asy3[13], where a
moment angle of S0with thec-direction was found. We propose that the magmatiments

are canted away from tleedirection towards thea-b plane for increasing Si contents froms
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0.34 to 0.42 in the Myxd~e1.2dP1xSik compounds. The evolution of the alignment is shawn
Figure 8.3a-c. The canted magnetic moments indieatew magnetic anisotropy in the

Fe-rich Mn-Fe-P-Si system, which confirms this miatds magnetically soft.

Table 8.2 Structural parameters of thegfre -dP1 «Sik compounds witkx = 0.34, 0.37 and 0.42
in their ferromagnetic staté.represents the angle between ¢hgirection and the alignment of
the magnetic momentMx and Mgy are the average magnetic moment &taBd 3 site,
respectivelyMrqq is the total moment per formula uniti;is the saturation magnetic moment at
5 K determined by magnetization measurements.

Refined parameters x=0.34 x=0.37 x=0.42
0 (degree) 29 46, 673
T (K) 10 10 3
légl'lt a(A) 6.11886 6.13672 6.16703
c(A) 3.29917% 3.28459 3.26343
V(A3) 106.974 107.124 107.48%3
3f X1 0.255% 0.2564 0.2553
Mat(1s) 1.7% 1.7 0.9%
39 X 0.602 0.61% 0.615
Magy(He) 2.86 2.33 2.28
Mrotal(ls) 4.57 4.0, 3.23
Ry(%) 3.78 5.48 6.85
Rup(%) 4.81 7.01 5.15
P 2.96 6.21 3.91
Ms(ig) 4.56 4.47 3.86
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Figure 8.2 Observed (crosses) and calculated (uomtis lines) neutron diffraction patterns for

samplex = 0.34 at 400 K (PM) and 10 K (FM). (a) The fittedutron diffraction pattern in the

paramagnetic state, (b) the fitted neutron diffaactpattern in the ferromagnetic state with a

nuclear structure contribution only, (c) the fittade neutron diffraction pattern in the
ferromagnetic state with both nuclear structure amabnetic contributions for moment <29
canted away frong-axis. Differences between observed and calculpsdigrns are shown in the

lower part of the plots. A minor amount of the aulfMn,Fe}Si impurity phase is detected.

Vertical lines indicate the diffraction peaks foetnuclear (top) and the magnetic (middle, if any)

structure of the main phase, and the impurity piflasttom).
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Figure 8.3 Crystal and magnetic structure ofoMRe »dP1 Sk compounds withk = 0.34 (a),
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Figure 8.4 Magnetic moment as a function of theditent derived from the neutron diffraction

patterns measured in the ferromagnetic state oMy g€ > xSik compounds withx = 0.34,

0.37 and 0.42. The total moments (open circlesyarg close X = 0.34) or slightly lowerx =

0.37 and 0.42) to those obtained from saturatiognatization measurements at 5 K (solid

circles). Note that, the used valences for the hieta are F¥3f) and Mn/F&"(3g).
Figure 8.4 shows the Si content dependence of #gnatic moment (total magnetic moment
and the average magnetic moment on thangl the § sites) measured in the ferromagnetic
state. The average magnetic moment on than8l the § sites decrease gradually with
increasing Si content. For the sample with 0.34, the average magnetic moment on the 3
site (2.86ug) is larger than the value on thésite (1.71ug). The total moment (4.5ig) is
very close to the value obtained from macroscopaasurements of the low-temperature
saturation magnetization, as shown in Figure 8He Values are much larger than those
observed at 5 K/10 K in the Mn-rich fRetype Mn-Fe-P-Si compounds [17] and slightly
larger than the values observed at 296 K in the éfnESip.s compound with a. of 382 K
[16]. Such high values certainly benefit the GMGCEthe Fe-rich Mn-Fe-P-Si system and
suggest a high magnetic density.

8.5 Valence state and inter atomic distances

The total magnetic moment obtained from the neutdiffraction refinement and the
macroscopic measurements are expected to be cdogparBhe refined total magnetic
moment of the compound with = 0.34 is in agreement with the value obtainednfrihe

magnetization measurement at low temperature, wihdecompounds witk = 0.37 and 0.42
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show a small discrepancy, as shown in Figure 8is discrepancy might be due to the
selection of the magnetic form factors when perfagrthe neutron diffraction refinement.
All the refinements were performed using magnetionf factors corresponding to the valence
states of Feand Mn/F&" on the 3and the § sites, respectively, based on data from ref. [18].
However, a valence state of Mnff¢3g site) has also been used/reported in Refs. [13, 19
The polarized neutron diffraction study on singigstalline FeP shows different spherical
magnetic form factors for the free Fe atom statd dre F&" atom state [18]. Different
combinations of valence states for the FeéBd Mn/Fe(8) ions will lead to slightly different
magnetic form factors and result in small variasian the refined magnetic moment. To
establish exact valence states of FHeBd Mn/Fe(8) ions further experimental evidence, by

e.g.polarized neutron diffraction and Mdssbauer spscopy, is required.

Figure 8.5 shows dependence of the lattice paramatel the interatomic distances
on the Si content for the MBde d1xSik compounds in the ferromagnetic state. The
detailed values are listed in Table 8.3. The restonfirm that the lattice constants change in
the opposite sense with increasing Si content: |étiice constanta increases, whilec
decreases. We find that the intralayer interatatistances for the {Bpositions increase and
for the (3)) positions decrease with increasing Si contemt,aipposite changes in thg &nd
3f layers is likely to destabilize the crystal stwret Introducing Si (up to around 10%) into
the FeP compound was previously found to induce a phesgsition from the hexagonal
(space groupP-62m) to the body-centered orthorhombic (space gréoqm2) crystal
structure [20]. Introducing Mn into the fResystem, counteracts this destabilizing effects an
for 33% Mn the structural transformation is suppeesfor Si content up to 42%. Note that,
all the compounds solely show a hexagonal crystatsire in the temperature range from 5
to 523 K. Thus, Mn doping, plays an important ralestabilizing the hexagonal crystal
structure. The exchange energy between the magatetics, enhanced by partially replacing
Fe with Mn, appears to be the driving force behihstabilization of the hexagonal phase.
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Table 8.3 Lattice parameters and interatomic digtamf the Mped=e; 21 xSik compounds withkx = 0.34, 0.37 and 0.42 in the ferromagnetic state.

x=0.34 x=0.37 x=0.42
(0 =2%" (0 = 46°) (0=67%")
Lattice parameters FM (10 K) FM (10 K) FM (3 K)
a(R) 6.11886 6.13673 6.16703
c(A) 3.29917% 3.28464Q 3.26343
V(A3 106.974 107.124 107.48%
Metal-metal distances (A)
Fe(3)-Fe(3) Intralayer X2 2.710D 2.726 2.732
Mn/Fe(3)-Mn/Fe(3y) Intralayer x4 3.299%7 3.2846Q 3.26343
Mn/Fe(3))- Fe(3) Interlayer x1 2.685 2.75% 2.753
Interlayer x2 2.700 2.644 2.652
Mean distance 2.695 2.68 2.686
Metal-nonmetal distances (A)
Fe(3)-P/Si(x) Intralayer x2 2.3140 2.318 2.332@Q
Fe(3)-P/Si(1b) Interlayer x2 2.2736 2.275 2.2694
Mean distance 2.294 2.296 2.30%
Mn/Fe(3y)-P/Si(Zx) Interlayer x4 2.496 2.52% 2.518
Mn/Fe(3y)-P/Si(1b) Intralayer x1 2.435 2.35 2.373
Mean distance 2.484 2.49 2.49
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Figure 8.5 Lattice parameters and interatomic dista as a function of the Si content derived
from neutron diffraction patterns measured at lemperatures (3 K for = 0.34 and 0.37, 10 K
for x = 0.42) for the Mggde1P1xSk compounds withxk = 0.34, 0.37 and 0.42. The square
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8.6 Conclusions

The Fe-rich Mn-Fe-P-Si compounds are promising rmase for high-temperature
magnetocaloric applications. A magnetic momentmfai4.57ug/f.u.for x = 0.34, indicates a
high magnetic density in the system, which cenaimnefits the GMCE. Introducing site
disorder at the @ site by replacing 1/3 of Fe with Mn appears to ame the magnetic
interaction, while the strong magnetoelastic coypis maintained. The Mn substitution also
shows a stabilizing effect on the hexagonal crystraicture, which is maintained to a high Si
content. The moment alignment within the crystakmipic unit cell is affected when the Si
content increases from= 0.34 to 0.42 in Mgsd~€e1.2d”1xSik compounds, as the canting angle
with respect to the-direction increases. The canted magnetic momégriraknt confirms a
low magnetic anisotropy, which ensures soft magnptoperties of Fe-rich Mn-Fe-P-Si

compounds.
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Chapter 9

Neutron diffraction study on the Fe,P-type

M Ny o5 FeP23S 13 coOmpounds

9.1 Introduction

Recently, magnetic refrigeration based on the magaéoric effect (MCE) has attracted
interest as an alternative to the conventional vapmpression cooling techniques due to its
high-energy efficiency and low environmental impgtt3] We discovered the Giant MCE in
FeP-based hexagonal (Mn,z,Si) compounds, and realized that the undesinedmal
hysteresis can be significantly reduced by varyiMg/Fe or/and P/Si ratio(s) while
maintaining the GMCE [4, 5].

Careful X-ray diffraction studies show that a laligerease inc/a ratio occurs through the
transition from ferromagnetic to paramagnetic stathile the unit-cell volume is hardly
changed. Earlier neutron studies for Mn§€3 4 [4] show that Mn and Fe occupy theg &d

3f sites, respectively, in alternating layers in #®P structure. First principles electronic
structure calculations suggest that at the fernpat@magnetic transition the spin polarization
of the Fe 8 electrons at thef3ite, presenting a magnetic moment of abouid,¥anishes.

In contrast to this, the spin polarization of the I8 electrons at thed3site, presenting a

magnetic moment of 2,8 remains almost unaffected through the transitin [

This unexpected behavior is attributed to the cditipe between bonding and magnetism. In

the paramagnetic state the Fe atoms onttiséeBare tetrahedral coordinated, surrounded by 4
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metalloid atoms at short distances (~2.3 A). Treefthe chemical bonding at thesite is
among the strongest in MnFe(P,Si) compounds. Tlaagdh inc/a at the phase transition
distorts the tetrahedron, weakening or breaking tthe intra-layer bonds. The moments
developing at the f3sites originate from the electrons freed from tmemical bonding.
Meanwhile the § site is pyramidal, and the Mn atom is surroundgd letalloid atoms at
relatively large distances (~2.5 Ajherefore the Mn @electrons are more localized and less
affected by the lattice distortion. Within the laythe ) sites are interconnected triangularly
and antiferromagnetic next nearest neighbor intena are reported [6]. The exchange field
between the @ layers induces moment on thé stes, leading to the ferromagnetic state.
Studying this novel mechanism responsible for #ingd MCE is the aim of the current study.

In Fe-rich (Mn,Fe)P,Si) compounds, the excess Fe atoms will ocche\gj sites. This will
result in a modified electron density on thgestes, while the symmetry will be less affected
as the ionic volumes of Mn and Fe are very simildre site occupation of Mn and Fe atoms
at the two crystallographic sites and the posiparameters can only be resolved by neutron
diffraction since Mn and Fe are neighbors in theigaéc table and can hardly be
distinguished by X-ray diffraction. Additionally,evcan determine the magnetic moments in
the magnetically ordered state on the two magmildattices. The insight obtained with
neutron diffraction will certainly deepen our unstanding and possibly shed light on how to

further improve the material properties for apiimas.
9.2 Experimental details

The Fe-rich compounds Mps..#eP.sSiys (x = 1.0, 1.1, 1.2, 1.3 and 1.4) were prepared by
the ball-milling technique as described in Chag@erThe X-ray diffraction patterns were
collected at various temperatures in zero fielchveitPANalytical X-pert Pro diffractometer
equipped with an Anton Paar TTK450 low-temperattimamber using Cu & radiation. A
secondary-beam flat-crystal monochromator and aichahnel X'celerator detector were
used to reduce the background and to maintainsonadle data-collection time. The neutron
diffraction data was collected at the Institute é&dwangevin (ILL) on the D2B
high-resolution powder diffractometer [¥ith an incident wavelength of 1.595 A. The
sample powder was contained in a vanadium can whka&hmounted in an Orange cryostat.
The measurements were carried out at fixed tempesatin the ferromagnetic and the
paramagnetic states in zero field. The refineméatldhe diffraction patterns was performed

by the Rietveld method [8] using the FullProf prgr [9]. A superconducting quantum
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interference device (SQUID) magnetometer (Quantuesigh MPMS 5XL) with the
reciprocating sample option (RSO) was employedrfagnetic measurements below 400 K.

9.3 Structural parameters

X-ray diffraction measurements indicate that a# tompounds Mips.FeP2sSiyz (X = 1.0,
1.1, 1.2, 1.3 and 1.4) crystallize in the hexagdiglP-type structure (space groBgp2m). As
shown in Figure 9.1, the contour plots display ttiermal evolution of the X-ray diffraction
patterns of all the compounds. For the compoundd wi= 1.0, 1.1, 1.2 and 1.3, a
discontinuity in the peak positions at the traosittemperatures indicates a discontinuous

change in lattice constants.

1.0 l
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52 53 54 55 56
20 (deg.)
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400 400

350 ~350

T(K)
T(K

300 300
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20 (deg.) 20 (deg.)

Figure 9.1 Contour plots of the X-ray diffractiontigans for Mn g5 F6P,3Si;;z; compoundsx =
1.0,1.1, 1.2, 1.3, and 1.4) on heating. The baherupper-right panel represents the normalized

intensity scale.

The higher Si content compounxl £ 1.4), however, shows a more continuous shifthef
peaks. This difference in behavior indicates tl&t mature of the transition changes from
FOMT towards SOMT (second-order magnetic transjtiwhen the Fe content increases from

x = 1.0 to 1.4. The representative (300) and (00kp shift in the opposite direction,
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indicating that the lattice constardsandc change in opposite sense. The lattice constant
decreases while increases upon heating, resulting in only a mimaleme change (< 0.1%)
at the FOMT for all compounds. Note that, the FOMTisually accompanied with a sudden
change in lattice volume [10]. Due to the stronggnetoelastic coupling present in these
compounds, the Curie temperatures can be easiginglot from the X-ray contour plots as
shown in Figure 1. The values ®fare 269, 290, 311, 326 and 345 K%or 1.0, 1.1, 1.2, 1.3
and 1.4, respectively, in good agreement with magngeasurements.

Table 9.1 Structural parameters of the \MFeP,3Si;;s compounds withk =1.0, 1.1, 1.2, 1.3,

and 1.4 obtained from the Rietveld refinement ofrtatron diffraction patterns measured in the

paramagnetic state at 400 K. Space groBps2m. Atomic positions: BFe (;, 0, 0);
3g-Mn/Fe &, 0, 1/2); 2-P/Si (1/3, 2/3, 0); i-P, Si (0, O, 1/2).

x=1.0 x=11 x=1.2 x=1.3 x=14
Parameters PM(400K) PM(400K) PM((400K) PM 40 PM (400 K)
- a(A) 6.01866 6.01456 6.01863 6.02249 6.0240Q
"DE @ c(A) 3.48264 3.47374 3.45635 3.44309 3.42889
V(A3 109.254 108.827 108.429 108.15% 107.759
3f X1 0.2544 0.254% 0.2549 0.255Q 0.2552
n(Fe/n(Mn) 0.235/0.015  0.244/0.006  0.248/0.002 0.25/0.00 0.8/
39 X2 0.588Q 0.5892 0.58% 0.60% 0.598

n(Feyn(Mn) 0.021/0.229  0.038/0.212 0.06/0.19 0.085/0.165  0QL0%3
2c  n(Pyn(Si) 0.124/0.042 0.12Q/0.04G 0.124/0.042 0.125/0.04% 0.126/0.04Q,

b n(PYyn(Si) 0.042/0.042 0.046/0.03& 0.042/0.042 0.04%/0.043 0.040/0.044,
Microstrain

(%) 0.03738 0.0417Q 0.0886% 0.1366 0.105Q

Ro(%) 4.65 4.73 4.32 4.52 4.94

Rup(%) 5.99 6.18 5.60 5.81 6.64
ba 4.88 5.52 5.63 4.36 8.22

Since the nuclear scattering cross-section of alefnents Fe, Mn, P and Si are markedly
different, the neutron diffraction patterns in fperamagnetic state are suited to determine the
site occupancy by refining the patterns. The reszonfirm the hexagonal ge-type structure
(space groufP-62m) of the main phase for all the compounds and amiabic (Mn,FejSi
impurity phase. Note that, due to the low conteinthe (Mn,Fe)Si phase (< 0.4%), it is
undetectable in some compounds by X-ray diffractiom all the compounds
Mn1 g5 F6eP2sSis (x = 1.0, 1.1, 1.2, 1.3 and 1.4), it is found tha¢ e and Mn atoms
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preferentially occupy the tetrahedrdledhd the pyramidal@sites, respectively. In the case of
our Fe-rich Mn-Fe-P-Si compounds, the excess Fasatmd Mn atoms share thg Ste.

As for the picture of the crystal and magnetic ctiee, we refer to Figure 8.3. The detailed
structural parameters are listed in Table 9.1 ré&stingly, at the f3site, a small amount of Mn
(about 6%) is observed for txe= 1.0 compound and the amount of Mn is graduatuced

to 2% and 1% fox = 1.1 and 1.2 compounds, respectively. Eventutily,amount of Mn in
the J site is negligible for compounds with higher Fatemt. We find that Si and P show no
site preference for all studied compounds and htiims are randomly distributed. Note that,
this arrangement is the same as in Mnk&B, compounds [11], but is different from that
reported for the MpFeyoPosGey2 compound, where Ge shows a preference for the 2
site [12].

9.4 Alignment of the magnetic moment

The magnetic structure can be determined by refinine diffraction patterns in the
ferromagnetic state. Earlier studies show thaatlggned magnetic moment is along thaxis

in the parent alloy F@ [13], within thea-b plane in MnFeRsSips compound [14] and
between the-b plane and the-axis for other compositions [15]. We have consideak the
three possible alignments when refining the neuttata for all the compounds. The detailed
refined parameters are listed in the Table 9.2. Sigeificant differences and the contribution
of the magnetic reflection to the three possibignmhents are shown in Figure 9.2. The
x=1.0 sample is selected as an example. Considémmgnagnetic form factor [16], the
magnetic contribution will be dominant in the lowege range of the neutron diffraction
pattern. Thus, by comparing the quality of thermefnent, especially in the low-angle range,
one can conclude whether the magnetic moments leyeed within thea-b plane, along

c-axis or in between.



Table 9.2 Structural parameters of the;MinFeP,/sSiy s compounds witkx =1.0, 1.1, 1.2, 1.3, and 1.4 at 10 K (in theirderagnetic state]) represents
the angle between theaxis and the alignment of the magnetic mombhf.andMs, are the average magnetic momentfaar®l 3 site, respectively;

Mot iS the total moment per formula unifzis the spontaneous magnetic moment per formulardated by magnetization measurements at 5 K.

88

Parameters E x=1.0 E x=1.1 E x=1.2 E x=1.3 E x=1.4
Lo i i i i
. L 90 0 8¢ | 90 0 83 | 90 0 8 | 90 0 3 1 90 0 2
| (deg) ¢ ? ¢ ° )
1 a(d) | 6.1664%  6.1664  6.1664% @ 6.15627 6.15634  6.1562§ : 6.1374% 6.1376@  6.13754 : 6.103§  6.1039  6.1039 :@ 6.0798  6.080%  6.0799
3! E E i i i
2! o) | 32901 329013  3.2901Q ! 329059 329056 3.2905) | 329673 3.29678  3.29673 | 33227 33239 33229 | 3.3341 33342 33343
S i i i i i
| V(A% | 108.346  108.347 108346 . 108.001  108.006  108.001 | 107.545 107.552  107.548 | 107.20§  107.21Z  107.21¢ | 106.735  106.742  106.73%
I x 1 02583 0.259Q 02582 ! 02573 02585 02573 @ 02573 02578  0.257@ @ 02573 02573  0.257% | 0.2573  0.2576  0.2569
U Ma(ue) | 1.62 1.8% 155 | 173 19 163 | 155 17 136 | 1.08 1.35 12% | 094 0.58 0.86,
391 x 1 05938 0.5922 0.594@ | 05953 0593 05953 | 0.594 0.584 0.59% | 0.60Q 0.596 0.596 : 0.603 0.602 0.60%
U Myle) | 27§ 2.19 27% 1 274 213 273 1 274 1.96 27% 1 285 2.65 292 1 276 2.62 2.82
'\?J“‘)E” D44 4.0 43 | 45 4.0 44 1 429 3.7 41, | 39 4.0 42, 1 37, 3.3 3.7
' B, ' ' ' ' '
i e e e e
Lotrain 0.05005 ! 0.05914 ! 0.10152 ! 0.2651 ! 0.2796
ECON ! ! ! !
| Re(%) | 562 6.34 565 1 573 6.34 5731 5.44 6.01 5.50! 6.36 196 613 | 694 6.68 6.44
U Rp(%) | 7.29 8.45 732 1 737 8.44 7.38 | 7.19 8.05 7.22 809 827 780 | 9.09 8.68 8.48
VoA 178 105 786 | 817 10.7 8.20 | 9.21 115 9.28, 857 028 797 | 164 14.9 14.2
C M) 4.23 ; 4.30 ; 4.20 ; 4.00 ; 3.70

6 JoideyD
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Figure 9.2 Observed (crosses) and calculated (uomtis lines) neutron diffraction patterns for
samplex = 1.0 at 10 K (FM). (a) Neutron diffraction patiefitted with a nuclear structure
contribution only, (b) neutron diffraction pattefitted with both nuclear structure and magnetic
contributions for magnetic moments along thaxis, (c) neutron diffraction pattern fitted with
both nuclear structure and magnetic contributiansrfagnetic moments within tlzeb plane, (d)

the fitted neutron diffraction pattern with bothatear structure and magnetic contributions for
magnetic moments along the refined direction. Déifees between observed and calculated
patterns are shown in the lower part of the plétaninor amount of the cubic (Mn,RSi
impurity phase is observed. Vertical lines indicdtte diffraction peaks for the nuclear (top) and

the magnetic (middle, if any) structure of the mglirase, and the impurity phase (bottom).
The alignment angle of the moments in the; MpFeP,3Sii;s compounds obtained is 87, 83,
80, 36 and 26 degrees away from thaxis forx = 1.0, 1.1, 1.2, 1.3 and 1.4, respectively.
This indicates that the moment alignments are dainten nearly withina-b plane forx = 1.0
towards along-axis forx = 1.4, as listed in Table 9.2. The canted magmetiments reflect a
low magnetic anisotropy of the Mn-Fe-P-Si compoumndsich display properties close to that
of soft magnets. Interestingly, the alignment arajléhe moments in the sample wih= 1.3
is about 36 degrees away from thexis, in good agreement with that observed for
Mng sd-€1.2d0 66510.34[15] melt-spun ribbon, of about 29 degrees away fromcthgis. Note
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that, the magnetic properties of,Pd17] and FgP-based Mn-Fe-P-X (X = As, Ge and Si)

compounds [18-20] are very sensitive to compositeynthesis method and defects (e.g.

vacancies).
5
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Figure 9.3 Magnetic moment as a function of thecéitent derived from the neutron diffraction

patterns measured at 10 K in the ferromagnetie dtatthe Mn g5.46P,3Si;;s compounds with

x=1.0, 1.1, 1.2, 1.3 and 1.4. The total momentsvarg close to those obtained from saturation

magnetization measurements at 5 K (solid circles).
In the Fe-rich Mags.#6&P23Siyz (0<x< 1.4) compounds, the Mn/Feg8moments show a
constant value of about 2.86 as a function of Fe content, while the Fg(Broments
decrease gradually from 1.55 for x = 1.0 to 0.86s for x = 1.4, as shown in Figure 9.3. The
total moments are very close to the values obtaireed macroscopic measurements of the
low-temperature saturation magnetization. The \v&ahre much larger than those observed in
the Mn-rich Mn-Fe-P-Si compounds [21]. Note thatedo the site preference of the Fe and
Mn atoms, the excess Fe will occupy thgp sdtes, where Fe(} carries a larger magnetic
moment than that of Fefj3 Variation of the Mn/Fe ratio in the Fe-rich M. .fFeP.3Sii3
compounds results in a change of the Mn/Fe ratlp on the 3g sites. Such a variation has
hardly any influence on the average Mn/kg(@agnetic moment, suggesting that the M) (3
and Fe(8) have similar magnetic moments and tigesBe moment depends on the adjacent
electron configuration of the atoms rather than tyypee of atom. This finding supports the

picture of weak magnetism in thésdtes, as thef3noments are affected by replacing Mn by
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Table 9.3 Lattice parameters and interatomic degtarf the Migs 6P,/sSiy3 compounds witkx =1.0, 1.1, 1.2, 1.3 and 1.4 in the ferromagnettes
at5 K.
" x=1.0 x=11 x=1.2 x=1.3 x=14
g (0=87%°) (0=83°) (0=80° (0=36°) (0=26
S Lattice parameters
% a(A) 6.1664% 6.15628 6.13754 6.1039 6.0799
3 c(A) 3.2901Q 3.29053  3.29673 3.3229 3.3342
mg cla 0.5335%2 0.5345Q 0.53714 0.5444 0.5484
% V(A3 108.346  108.001 107.548 107.216 106.73%
L Metal-metal distances (A)
§ Fe(3)-Fe(3) Intralayer x2 2.758 2.747% 2.732 2.718 2.70%
% Mn/Fe(3))-Mn/Fe(3) Intralayer x4  3.290X0 3.2905% 3.29673 3.32292  3.33419
= Mn/Fe(3)-Fe(I) Interlayer x1 2.644 2.653 2.65& 2.655 2.676
a Interlayer ~ x2  2.743 2.733 2.725 2.725 2.704
f Mean distance 2.71 2.706 2.703 2.702 2.695
2 Metal-nonmetal distances (A)
5 Fe(3)-P/Si(Z) Intralayer X2 2.3219 2.3203 2.316Q 2.3028 2.295
-§‘ Fe(3)-P/Si(1b) Interlayer X2 2.2896 2.2854 2.2813 2.285 2.285
2 Mean distance 2.396 2.303 2.298% 2.294 2.29Q
S Mn/Fe(3)-P/Si(Z) Interlayer x4 2.4921 2.49% 2.492 2.493 2.498
§ Mn/Fe(3y)-P/Si(1b) Intralayer x1 2.504 2.48% 2475 2.46 2.425%
5 Mean distance 2.495 2.49% 2.489 2.486 2.483
5
E
2
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Figure 9.4 Lattice parameters and interatomic dista as a function of the Fe content derived

from neutron diffraction patterns measured at 1foKthe Mn g5 F6P,3Si;;z compounds with

x=1.0,1.1,1.2,1.3 and 1.4.
Fe on the § sites. We find that the Mn/Fe{BMn/Fe(3)) interatomic distance and is about
~3.2 A increases with increasing Fe content (selleT&.3). The Mn/Fe@-Mn/Fe(3)
interatomic distance is larger than the averagePelrdtomic radius (1.27 A for Mn and

1.68 A for Fe), in agreement with a more localizaracter of the moments on thg Ste.
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The Fe(®)-Fe(d) interatomic distance is about ~2.7 A and deceasigh increasing Fe
content and the value (see Table 9.3). The - J) interatomic distance is smaller than

the average Fe atomic radius, favoring the itinemsagnetism on thef 3ites.
9.5 Influence of site disorder on the stability of the crystal structure

Figure 9.4 shows the variation of the lattice partars and the distances between the
magnetic atoms and the nearest neighbors as adomdtFe content. Replacing MrgBwith

the smaller Fe atom reduces the cell volume (sddeTa1l and 9.2), decreases thend
increaseshec lattice parameters. The alternatinged 3 layers are parallel to theb plane

of the hexagonal structure. The average interatalstances within f3and 3 layers change

in opposite sense with increasing Fe content, ihalayer Fe(B-Fe(d) distance decreases,
while the intralayer Mn/Fe@-Mn/Fe(3j) distance increases. The lattice parameter
increases with increasing Fe content, while theeriayer interatomic mean-distance
Mn/Fe(3)-Fe(J) decreases due to the rearrangement of theiradispient, which cants the
Mn/Fe(3))-Fe(3) bond towards the-axis. Meanwhile, we find that microstrain develops
with increasing Fe content and that it is partiafiieased at high temperatures (see Table 9.1
and 9.2). Apparently, introducing Fe atoms into Bgesite is not energetically favorable in
this layered structure, where the Fe and Mn atoerdl tto have different preferred
occupancies. Moreover, the mean interlayer intematadistance Mn/Fe(3g)-Fefj3changes
oppose that of the lattice parameter (see Table 9.3). These opposergls of the atomic
displacements are probably the reason for the gdinticrostrain, the driving force of such a
distorted structure. Note that, we find that furtimereasing the Fe contemt£ 1.8) leads to a
collapse of the hexagonal crystal structure and finenation of the body-centered
orthorhombic crystal structure (see Chapter 7). sThine role of Mn in the Fe-rich

Mn-Fe-P-Si compounds is that of stabilizing thedgonal crystal structure.
9.6 Conclusions

The high magnetic moments and the easily tunablking temperatures make the Fe-rich
Mn-Fe-P-Si compounds promising magnetocaloric nmalterThe alignment of the magnetic
moment is canted from nearly theb plane towards-axis with increasing Fe content in the
Fe-rich Mn gsxFelP-sSiiis compounds with 1.8 x<1.4. The canted magnetic moment
alignment confirms a low magnetic anisotropy of e-Fe-P-Si compounds, which display
properties close to that of soft magnets. The mamgneoments are enhanced on both the 3

and 3 sites by introducing Mn atoms into thg &ites. Decrease of the Mn/Fe ratio on the 3
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sites does not affect the Mn/Fgj3nagnetic moment, but results in a gradual deereathe
magnitude of the Fe{Bmagnetic moment, supporting the description efdrsites as weakly
magnetic. Microstrains develop with decreasing Mntent, and are proposed to be caused by
the inconsistent change of the intralayer and lejer interatomic distances with respect to
the changes ia andc lattice constants, respectively. Hence, the Mmofawnot only the high
magnetic moment, but also the hexagonal crystalctsire of the Fe-rich Mn-Fe-P-Si

compounds.
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Summary

This thesis presents a study of the crystal and magnetic structure, the magnetocaloric effect
and related physical propertiesin Mn-Fe-P-X compounds.

The influences of boron addition in (Mn,Fe),(P,As) compounds have been studied. It is found
that boron atoms occupy interstitial sites within the basal plane. First-order magnetoelastic
phase-transitions with small thermal and magnetic hysteresis are observed in all these
compounds. The ferromagnetic ordering temperatures increase by boron addition. The
optimal working temperatures can be finely adjusted by varying the boron content without
losing the good magnetocaloric properties. Both the maximal magnetic entropy changes and
the Relative Cooling Power (RCP) are dlightly enhanced. All these features make boron
addition a good tool to tune and improve magnetic and magnetocaloric properties in
(Mn,Fe)2(P,As) compounds. (Chapter 4)

The effect of transition metal substitution on Tc and ATns has been studied in
(Mn,Fe, T)1.95Po50Si050 (T = Co, Ni and Cu) compounds. X-ray diffraction patterns imply that
all the compounds crystallize in the hexagonal Fe,P type of structure. It is found that all these
transition metal substitutions for Mn(3g)/Fe(3f) weaken the ferromagnetic ordering. Ni
substitutions reduce the thermal hysteresis, while the Cu substitutions enhance the thermal
hysteresis. Moreover, the Co substitutions for Mn(3g) reduce thermal hysteresis, while the Co
substitutions for Fe(3f) result in hardly any change in thermal hysteresis. (Chapter 5)

Single phase compounds MngggFe; 20P1 Siyx (0 < x < 0.42) have been synthesized using the
melt-spinning (rapid solidification) technique. All the compounds form in the Fe,P-type
hexagonal structure, except a Co,P-type orthorhombic structure of the Si-free Mng ggFe; 2P
compound. The compounds with 0.24 < x < 0.42 present a FM-PM phase transition, while the
compounds with lower Si content show an AFM-PM phase transition. By increasing the S

content from x = 0.24 to 0.42, Tc increases from 195 to 451 K and ATyysis strongly reduced
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from ~61 to ~1 K. Tc increases and AThys decreases with increasing magnetic field. It is also
found that Tc and AThys are not only Si content dependent, but also magnetic field dependent.
Mng ssFe1.20P1-xSix compounds show large spontaneous magnetic moments with values up to
457 pglf.u.. A large MCE with a small thermal hysteresis is obtained simultaneously in
Fe-rich MnggsFer20P1xSix melt-spun ribbons. The compounds with a high working
temperature may also be useful for other applications, e.g. thermomagnetic generators and
heat pumps. (Chapter 6)

Single phase My gs.«F6P23Siys compounds with 1.0 < x < 1.95 have been synthesized using
ball-milling technology and solid-state reactions. All the compounds show a FM-PM phase
transition. The compounds with x < 1.6 crystallize in Fe,P-based hexagonal structure, for the
higher Fe content compounds, a bco-hex structural transition is observed. In contrast to the
Mn-rich Mn-Fe-P-Si system, no coupling between the magnetic and structural transition is
found. The Tc and AThysin the Mny gs.«FedP23Si 113 compounds can be easily tuned by adjusting
the Fe/Mn ratio. By increasing the Fe content from x = 1.0 to 1.95, T¢ increases from ~269 to
~647 K and the AThys strongly reduces from ~65 to ~1 K. The reduction in the magnetic
moment of the Fe-rich Mny gs.xFedP23Si13 compounds, suggests that the dominant effect on
the size of the moment is the change in local electron configuration rather than the interlayer

exchange coupling, thus confirming a more localized magnetism on the 3g sites. (Chapter 7)

High-resolution neutron diffraction has been employed to determine the crystal and magnetic
structure, the magnetic moment and the interatomic distances in the melt-spun ribbons
MnogssFer120P1-xSix. Introducing site disorder at the 3g site by replacing 1/3 of Fe with Mn
appears to enhance the magnetic interaction, while the strong magnetoelastic coupling is
maintained. The Mn substitution also shows a stabilizing effect on the hexagonal crysta
structure, which is maintained to a high Si content. The moment alignment within the
crystallographic unit cell is affected when the Si content increases from x = 0.34 to 0.42 in
MngssF€1.20P1-xSix compounds, as the canting angle with respect to the c-direction increases.
The canted magnetic moment alignment confirms a low magnetic anisotropy, which ensures
soft magnetic properties of Fe-rich Mn-Fe-P-Si compounds. (Chapter 8)

The effect of varying the Mn/Fe ratio in the Mn; gs.xFexP23Si13 compounds has been studied
using high-resolution neutron diffraction. The alignment of the magnetic moment is canted
from nearly the a-b plane towards c-axis with increasing Fe content in the Fe-rich
Mn gs-xFexP23Siz compounds with 1.0 <x < 1.4. The canted magnetic moment alignment
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confirms a low magnetic anisotropy of the Mn-Fe-P-Si compounds, which display properties
close to that of soft magnets. The magnetic moments are enhanced on both the 3f and 3g sites
by introducing Mn atoms into the 3g sites. Decrease of the Mn/Fe ratio on the 3g sites does
not affect the Mn/Fe(3g) magnetic moment, but results in a gradual decrease in the magnitude
of the Fe(3f) magnetic moment, supporting the description of the 3f sites as weakly magnetic.
Microstrains develop with decreasing Mn content, and are proposed to be caused by the
inconsistent change of the intralayer and interlayer interatomic distances with respect to the
changes in a and c lattice constants, respectively. Hence, the Mn favors not only the high
magnetic moment, but also the hexagonal crystal structure of the Fe-rich Mn-Fe-P-Si
compounds. (Chapter 9)



Samenvatting

Dit proefschrift presenteert een studie van detdrisen magnetische structuur, het
magneto-calorisch effect en gerelateerde fysisensechappen in Mn-Fe-P-X verbindingen.

De effecten van boriumadditie in (Mn,K@#,As) verbindingen zijn bestudeerd. Gevonden
werd, dat boriumatomen interstitiéle sites binnest lgrondvlak innemen. Eerste-orde
magnetoelastische faseovergangen met kleine thehenien magnetische hysterese zijn
waargenomen in al deze verbindingen. De ferromapiet ordeningstemperaturen verhogen
door boriumadditie. De optimale werktemperaturenrian fijn worden afgestemd door het
boriumgehalte te variéren zonder de goede magret®swhe eigenschappen te verliezen.
Zowel de maximale magnetische entropieveranderirggenhet Relatieve Koel-Vermogen

(RKV) zijn licht verbeterd. Al deze eigenschapperaken boriumtoevoeging een goed
instrument om de magnetische and magneto-calorisgpenschappen in (Mn,R€P,As)

verbindingen af te stemmen en te verbetetdoofdstuk 4)

Het effect van overgangsmetaalsubstitutie dp en ATns werd Dbestudeerd in
(Mn,Fe, T) o0 56Si050 (T = Co, Ni and Cu) legeringen. Réntgendiffracéigpnen impliceren
dat al deze verbindingen in de hexagonale struatanrhet FgP type kristalliseren. Er werd
gevonden dat deze substituties door overgangsmetaleor Mn(3g)/Fe(B de
ferromagnetische ordening verzwakken. Ni subs@itutverlagen de thermische hysterese,
terwijl Cu substituties de thermische hysteres@ogen. Verder verlagen Co substituties voor
Mn(3g) de thermische hysterese, terwijl Co substitutie®r Fe(3) nauwelijks enige

verandering in thermische hysterese bewerkstelliff¢wofdstuk 5)

Eénfasige verbindingen Ngde, .f1.Si, (0<x<0.42) werden gesynthetiseerd met de
smelt-spinnen (snelle stolling) techniek. Alle viathngen worden gevormd in de JPetype
hexagonale structuur, behalve het Si-vrije Mfe, ,d°. dat een orthorhombische structuur

van het CgP-type krijgt. De stoffen me.24< x< 0.42 laten een FM-PM faseovergang zien,
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terwijl die met lager Si gehalte een AFM-PM fasagaag vertonen. Dodnet Si gehalte te
verhogen varx = 0.24 tot 0.42, stijgTc van 195 naar 451 K en wordlyys sterk verlaagd
van ~61 naar ~1 KI¢ verhoogt emTyys verlaagt met toenemend magnetisch veld. Eveneens
werd gevonden dat d&: en ATyys niet alleen afhankelijk zijn van het Si gehaltegan ook

van het magnetisch veld. Mgge 21xSik verbindingen laten hoge spontane magnetische
momenten zien met waarden tot aan 4.5f.u.. Een hoog MCE met simultaan een kleine
thermische hysterese is verkregen in Fe-rijk uielsgesponnen lint van MRd=e1.2dP1xSix.

De verbindingen met een hoge werktemperatuur kurown bruikbaar zijn voor andere

doeleinden, lv. thermomagnetische generatoren en warmtepomipenfdstuk 6)

Enkelfasige MmgsxFeP2sSiis samenstellingen met 1s0x < 1.95 zijn gesynthetiseerd met
de kogelmoletechnologie en vaste-stof reactiédle verbindingen vertonen een FM-PM
faseovergang. De verbindingen myet 1.6 kristalliseren in de F&-gebaseerde hexagonale
structuur, voor de verbindingen met hoger Fe gehalerd eerbco-hex structurele overgang
waargenomen. In kontrast met het Mn-rijke Mn-FeiRBySteem, werd geen koppeling tussen
de magnetische en de structurele overgang gevobder; enAThysin de Mn gsxF&P23Siiys
verbindingen kan gemakkelijk worden afgestemd dieFe/Mn ratio in te stellen. Door het
Fe gehalte te verhogen varr 1.0 tot 1.95, gaalc van ~269 naar ~647 K en d€Tpys
verkleint van ~65 naar ~1 K. De reductie in het n&ggch moment van de Fe-rijke
Mn1 gsxFeP2/3Sii/z verbindingen, suggereert dat het dominante efipctle grootte van het
moment de verandering in locale elektronenconfiggirais, veeleer dan de
uitwisselingskoppeling tussen lagen, en hiermealtveen meer gelokaliseerd magnetisme op
de 3 sites bevestigdHoofdstuk 7)

Hoge-resolutie neutronendiffractie werd toegepastde kristal- en magnetische structuur,
het magnetisch moment en de interatomaire afstateléepalen in de uit smelt gesponnen
linten Mnyed-e1.2d1xSix. Het introduceren van wanorde op dg sdte door vervanging van

1/3 van Fe door Mn lijkt de magnetische interadige versterken, waarbij de sterke
magneto-elastische koppeling behouden blijft. De ddbstitutie laat ook een stabiliserend
effect op de hexagonale kristalstructuur zien, eddkhouden blijft tot een hoog Si gehalte.
De momentoriéntatie binnen de kristallografischeahegdscel wordt beinvioed als het Si
gehalte stijgt varx = 0.34 naar 0.42 in Mrd-e1..81xSix verbindingen, waarbij de hoek ten

opzichte van de-richting toeneemt. De scheve oriéntatie van de erdgen bevestigt een lage
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magnetische anisotropie, die de zachte magnetisiggschappen van Fe-rijk Mn-Fe-P-Si
verzekert. KHoofdstuk 8)

Het effect van variaties in de Mn/Fe verhoudinglenMn gs5xF&P»/3Siy/3 verbindingen werd
bestudeerd met hoge-resolutie neutronendiffrabtéeoriéntatie van het magnetisch moment
verandert van bijna in hetb vlak naar meer langs deas met toenemend Fe gehalte in de
Fe-rijke Mn gsxFeP2sSinz verbindingen met 1.8x<1.4. De scheve oriéntatie van de
magnetische momenten bevestigt een lage magnetaoisetropie van de Mn-Fe-P-Si
verbindingen, welke eigenschappen laten zien imemrestemming met zachte magneten. De
magnetische momenten zijn versterkt op zowel fleer8 3y sites door Mn atomen te
introduceren op degBsites. Verlaging van de Mn/Fe ratio op dps&es beinvioedt niet het
Mn/Fe(3)) magnetisch moment, maar resulteert in een gracafeBme in de grootte van het
Fe(¥) magnetisch moment, wat de beschrijving van denato op de f3sites als zwak
magnetisch ondersteunt. Microspanningen ontwikkeleh bij afnemend Mn gehalte. Zijj
worden mogelijk veroorzaakt door de inconsistenégandering van de atoomafstanden
binnen en tussen de atoomlagen in vergelijkingléoteranderingen respectievelijk inaen

¢ roosterconstanten. Aldus veroorzaakt het Mn nlieea het hoge magnetische moment,
maar ondersteunt het ook de hexagonale kristatattucvan de Fe-rijke Mn-Fe-P-Si
verbindingen. oofdstuk 9)
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