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Abstract

Energy production, storage and efficient usage are all crucial factors for environmen-
tally sound and sustainable future technologies. One important question concerns the
refrigeration industry, where the energy efficiency of the presently used technologies
is at best 40% of the theoretical Carnot limit. Magnetic refrigerators offer a modern
low-energy demand and environmentally friendly alternative. Iron phosphide based
materials have been proposed to be amongst the most promising candidates for work-
ing body of magnetic refrigerators. Hydrogen is one of the central elements on the most
promising sources of renewable energy. Considerable international research focuses on
finding good solid state materials for hydrogen storage. On the other hand, hydrogen
gas is obtained from hydrogen containing chemical compounds, which after breaking
the chemical bounds usually yield to a mixture of different gases. Palladium-silver al-
loys are frequently used for hydrogen separation membranes for producing purified hy-
drogen gas. All these applications need a fundamental understanding of the structural,
magnetic, chemical and thermophysical properties of the involved solid state materials.
In the present thesis ab initio electronic structure methods are used to study the crystal-
lographic and magnetic properties of Fe2P based magneto-caloric compounds and the
thermophysical properties of Pd-Ag binary alloys.

Lattice stability of pure Fe2P and the effect of Si doping on the phase stability are pre-
sented. In contrast to the observation, for the ferromagnetic state the body centered
orthorhombic structure (bco, space group Imm2) is predicted to have lower energy than
the hexagonal structure (hex, space group P62m). The zero-point spin fluctuation en-
ergy difference is found to be large enough to stabilize the hex phase. For the param-
agnetic state, the hex structure is shown to be the stable phase and the computed total
energy versus composition indicates a hex to bco crystallographic phase transition with
increasing Si content. The magneto-structural effects and the mechanisms responsible
for the structural phase transition are discussed in details.

The magnetic properties of Fe2P can be subtly tailored by Mn doping. It has been shown
experimentally that Mn atoms preferentially occupy one of the two different Fe sites of
Fe2P. Theoretical results for the Mn site occupancy in MnFeP1−xSix are presented.

The single crystal and polycrystalline elastic constants and the Debye temperature of
Pd1−xAgx binary alloys are calculated for the whole range of concentration, 0 ≤ x ≤ 1.
It is shown that the variation of the elastic parameters of Pd-Ag alloys with chemical
composition strongly deviates from the simple expected trend. The complex electronic
origin of these anomalies is demonstrated.

Within the present thesis, all relaxed crystal structures are obtained using the Projector
Augmented Wave full-potential method. The chemical and magnetic disorder is treated
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using the Exact Muffin-Tin Orbitals method in combination with the Coherent Potential
Approximation. The paramagnetic phase is modeled by the Disordered Local Magnetic
Moments approach.
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L. Häggström, M. Hudl, E. K. Delczeg-Czirjak, V. Höglin, P. Nordblad, L. Vitos
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Chapter 1

Introduction

These days the environmental protection is becoming more and more important. The
focus of many scientific studies is on subjects related to the greenhouse effect, the protec-
tion of ozone layer and reduction of the global energy consumption. Energy production,
storage and efficient usage are all crucial factors for environmentally sound and sustain-
able future technologies. One of the recent subjects concerns the refrigeration technolo-
gies. Magnetic refrigeration offers the most advanced alternative for the widespread
energy inefficient approaches. In magnetic refrigeration the magneto-caloric materials
play the key role as working body. Another important research field deals with the hy-
drogen usage as energy carrier, for which purified hydrogen is needed. Palladium-silver
alloy membranes are amongst the most important devices in the hydrogen separation
and purification process.

Magnetic refrigeration techniques are based on the magneto-thermodynamic phenomenon
known as magneto-caloric effect (MCE). The MCE is simply heat absorbtion or emission
by a magnetic material under varying magnetic field.

The magnetic refrigeration cycle, as illustrated in Fig. 1.1, contains the following steps:

1. a magnetic field aligns the initially randomly oriented magnetic moments, result-
ing in heating of the magnetic material (with temperature T0), T1 = T0 → T2 > T0;

2. using heat transfer this heat is removed from the magnetic material to the ambi-
ence, T2 → T3 ∼ T0;

3. on removing the field, the magnetic moments are randomized, which leads to
cooling of the magnetic material below ambient temperature, T3 → T4 < T0

4. heat from the system to be cooled is then extracted by the magnetic material using
a heat-transfer medium .

1



2 CHAPTER 1. INTRODUCTION

Figure 1.1. Schematic picture of the magnetic refrigeration cycle (figure based on
BASF future business). For the explanation of the process phases see the
text.

Using magneto-caloric material as working body of the refrigerator the inefficient com-
pressor of the conventional refrigerator is removed. Another advantage of the magneto-
caloric refrigerators is the environmentally friendly cooling functioning: magnetic re-
frigerators use a solid refrigerant and environmentally sound heat transfer fluids as
water, water-alcohol solution, air, helium - depending on the operating temperature.
Within this field, the primary goal is to find the adequate working material for given
operating conditions.

Theoretical simulations propose a direction for experimental work or give a deeper
atomic-scale explanation of the experimental results. Analysis of the compositional
dependence of the crystal structure, magnetic properties (for example: Curie temper-
ature, magnetic entropy change) is important for technological applications. This re-
search field represents a true challenge for the theoretical research. The reason for this
is that handling of magnetic and/or chemical disorder is only partially solved [1, 2, 3]
and there is no unified description of the magnetism especially in weak ferromagnetic
solids often found as promising MCE materials.

In the present thesis, I will give an overview of the effects of the actual chemical compo-
sition on the crystallographic and magnetic phase stability, site occupance and magnetic
properties of Fe2P based materials. The theoretical calculations are performed using Ex-
act Muffin-tin Orbital (EMTO) and Projector Augmented Wave (PAW) method. These
results can be found in Papers I, II and IV.

Palladium-silver alloys have been discovered by Heraeus in 1931. They first have been
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applied in dentistry as bridges and crowns due to their nobility and resistance to tar-
nishing. These alloys are also ductile and have good electrical conductivity, therefore
they are used in conductive films and pastes, multilayer capacitors or as contacts. The
hydrogen separation membrane is the most recent application [4]. Hydrogen can be
used as an environmentally friendly energy carrier. A high quantity of hydrogen in the
Earth can be found in chemical compounds. To obtain pure hydrogen, first, chemical
bonds have to be broken which leads to a mixture of gases. From this multi-component
mixture hydrogen can be extracted and purified using palladium-silver membranes.
All the above mentioned applications of Pd-Ag alloys need adequate mechanical prop-
erties. Therefore, it is important to know the thermophysical properties of Pd-Ag alloys
as a function of composition.

The Fermi surface geometry [5, 6] and mixing enthalpy [7] for the whole composition
range are well known for Pd-Ag alloys. Five electronic topological transitions (ETT)
have been detected which should be reflected in several physical properties. It was a
big challenge to catch up the effect of ETT’s in the elastic properties of this alloy. Results
are included in Paper III.

From single crystal elastic constants information about the Debye temperature, phonon
normal modes (short overview is given in Chapter 3), mechanical stability of a crystal
structure can be obtained. Therefore, this work might be regarded as basis for my future
investigation on the mechanical stability of Fe2P.

In the next chapter (Chapter 2) a short overview of the magneto-caloric effect is given.
Chapter 3 contains the theoretical description of the elasticity. Chapter 4 includes a short
description of the employed computational tools. Results are presented and discussed
in Chapters 5 and 6. Finally I formulate my future plans. Papers I, II and III are attached
to the end of the thesis.



Chapter 2

Magneto-caloric effect (MCE)

2.1 General aspects of MCE

The phenomenon in which a magnetic material changes heat under the action of an
alternating external magnetic field is called magneto-caloric effect (MCE). The MCE has
been discovered by Warburg in 1881 in the case of iron [8]. Its physical explanation has
been given by Weiss and Piccard [9]. First application has been proposed independently
by Debye [10] and Giauque [11] in 1920s. In 1933 Giauque and MacDougall [12] have
used for the first time the adiabatic demagnetization to reach 0.25 K in the Gd2(SO4)3 ×
8H2O paramagnetic salt.

The MCE can be measured by a magnetic entropy change (∆Sm) through isothermal ap-
plication and by a temperature change (∆Tad) via an adiabatic application of a magnetic
field to a magnetic material ( Fig.2.1).

The magnetic entropy change can be obtained from experimental measurements. Namely,
using the thermodynamic Maxwell relation (Eq. 2.1), the magnetic entropy can be deter-
mined from magnetization measurements made at discrete temperature intervals (Eq.
2.2) or from direct calorimetric measurement of the field dependence of the heat capac-
ity (Eq. 2.3).

(
∂S

∂B

)

T

=

(
∂M

∂T

)

B

(2.1)

∆Sm(T, B) =

∫ B

0

(
∂M

∂T

)

B

dB (2.2)

∆Sm(T, B) =

∫ T

0

C(T, B)− C(T, 0)

T
dT. (2.3)

4



2.1. GENERAL ASPECTS OF MCE 5

In these expressions M stands for magnetization, B is the magnetic field, C(T, B) is the
heat capacity at given temperature (T ) and magnetic field.

Alternatively one may make use of theory based on statistical [13] and mean-field model
of magnetic materials [13, 14].

Figure 2.1. Entropy vs temperature diagram illustrating the magneto-caloric poten-
tials ∆Sm and ∆Tad [15].

The adiabatic temperature change can be integrated numerically using the experimen-
tally measured or theoretically predicted magnetization and heat capacity (Eq. 2.4).

∆Tad(T, B) = −
∫ B

0

T

C(T, B)

(
∂M

∂T

)

B

dB. (2.4)

The MCE is large when the specific heat is small and the entropy change is large. Large
entropy change is obtained usually in the vicinity of magnetic and structural phase
transitions.

Nowadays the aim of the research is to find such magnetic materials which show huge
MCE, adequate magnetic properties (narrow hysteresis, suitable TC), and environmen-
tally friendly and cheap constituents.

Experimental groups have reported that the FeMnP1−xAsx compounds are good can-
didates for magneto-caloric cooling applications near the room temperature [16, 17, 18,
19]. The Curie temperature (TC) can be tailored as a function of concentration, x [20, 21].
Arsenic can be replaced by Si, Ge, Sb, which affects the TC and ultimately the MCE. The
Fe2P is the base compound for these magneto-caloric materials.



6 CHAPTER 2. MAGNETO-CALORIC EFFECT (MCE)

2.2 Physical background

Entropy is the number of possible microscopic configurations of a system. It is the
measure of the disorder in the material. The total entropy (S) of a magnetic material can
be decomposed into lattice (Sl), magnetic (Sm) and electronic (Se) entropies as follows

S(H, T, x) = Sl(H, T, x) + Sm(H, T, x) + Se(H, T, x). (2.5)

Lattice entropy (Sl) is related to the lattice degrees of freedom of a system, which in
turn are connected to phonon excitations and depend on the crystal structure. Magnetic
entropy (Sm) is related to spin degrees of freedom, and reaches its maximum when the
local magnetic moments have completely random orientation. This is the case in the
paramagnetic phase, i. e. above the magnetic ordering temperature. Accordingly, the
magnetic entropy change obtains its maximum at the magnetic phase transition. The
phase transition has to be reversible for applications, and the reversible processes may
show hysteresis. Electronic entropy (Se) has a minor contribution at the temperatures
of interest (around or slightly above the room temperature).

To understand the reason of magneto-caloric phenomenon we should analyze the ef-
fect of an adiabatically applied magnetic field to a paramagnetic spin system near the
magnetic phase transition temperature. Applying a magnetic field to the paramagnetic
system decreases the magnetic entropy, because the previously randomly oriented local
magnetic moments will align corresponding to the external magnetic field. In an adia-
batic process the total entropy of a material is kept constant. Therefore, a decreasing in
the magnetic entropy will lead to an increase of the other entropy terms. Especially the
phonon entropy will increase due to the spin-lattice coupling. Since in an adiabatic pro-
cess there is no heat transfer to the medium the phonon entropy increase will manifest
in temperature increase of the system. The opposite process, the adiabatic demagneti-
zation will lead to the cooling of the system.

Generally, all entropy contributions can vary as a function of magnetic field (H), tem-
perature (T ) and other thermodynamic parameters (x), for example pressure (P ). For
materials which possess localized magnetic moments, like rare earth materials, the en-
tropy contributions can be separated from each other. For the 3d itinerant magnetic
materials they cannot, due to the strong coupling between different contributions.

If the spin-lattice coupling is strong, than the magnetic phase transition is accompanied
by the crystallographic phase transition. Electronic topological transitions can occur,
too.

Compounds can show low [22, 23, 24] or large [24] thermal hysteresis. There are cases
when the magnetic phase transition is coupled with the crystallographic one [25, 26].
The TC and MCE can be tuned with the composition [20, 21, 26, 27]. The MCE can be
increased with pressure [28]. All these features indicate that it is necessary to know the
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details of the electronic structure to understand and describe the magneto-caloric effect
and to find the adequate magnetic material for some preassigned purposes.

First principles calculations can give a detailed understanding of the changes of the elec-
tronic structure which leads to magnetic, crystallographic and electronic phase transi-
tions and entropy changes.



Chapter 3

Elastic properties of solids

The main difference between the single-crystal alloys and real materials is the inherent
disorder. Solid materials have a hierarchical buildup of which bottom level is consti-
tuted by atoms. Atoms are arranged in a periodic array forming a crystal lattice. The
most frequent source of the disorder is the breakdown of the long-range order of crystal
lattice. Materials are often built up by nano- or micrometer level single crystal grains,
which are separated by stacking faults, interphase boundaries, etc.

A polycrystalline system, considered isotropic on large scale, can be completely de-
scribed by the bulk modulus (B). Based on first principles calculation the bulk modulus
(B) can be determined by fitting a general function, called the equation of state, to the
ab initio total energies for a set of atomic volumes. Therefore, when ab initio methods
are applied, the first task is to establish the equation of state, to test the accuracy of
used method and obtained results. The most commonly used equation of states are the
Murnaghan [29], Birch-Murnaghan [30] and the Morse [31] type ones.

On the other hand the elasticity of a solid is described within a continuous displace-
ment field. The continuum theory of elasticity can be derived from the theory of lattice
vibrations [32]. By this way there is a possibility to obtain information about the phonon
normal modes and the Debye temperature. The mechanical (dynamical) stability of a
lattice implies that the total energy of the system increases after application of a small
distortion. The stability condition can thus be expressed in terms of the single crystal
elastic constants.

Elastic properties of a polycrystalline system are described by the polycrystalline elastic
constants, like shear modulus (G), Young’s modulus (E), Poisson ratio (ν), derived from
the single crystal ones using suitable averaging methods based on statistical mechanics.

8



3.1. ELASTIC STIFFNESSES OF CUBIC CRYSTALS 9

3.1 Elastic stiffnesses of cubic crystals

The elastic properties of single crystals are investigated using small, uniform distor-
tions, called strain (eijkl), to the lattice and calculating the energy change due to the
strain as a function of the strain magnitude. The strain is dimensionless and tenso-
rial physical quantity. For small deformations the Hooke’s law is satisfied: the strain
is directly proportional to the stress. The stress is the force acting on a unit area in the
solid. It is also a tensorial physical quantity, its dimension is force per unit area. Accord-
ing to Hooke’s law the components of the strain tensor are linear combinations of the
stress tensor components and vice versa. The proportionality factors in the first case are
called elastic compliance constants or elastic constants (sijkl) in the second case they are
the elastic stiffness constants or moduli of elasticity (cijkl). They are tensorial physical
quantities, sijkl have [area]/[force], cijkl have [force]/[area] dimensions.

The cijkl elasticity tensor (Eq. 3.1) is the second order derivative of the energy with
respect to the strain tensor ekl (k, l = 1, 2, 3).

cijkl =
1

V

∂E

∂eij∂ekl

(3.1)

If the energy is the internal energy (E) it is talked about adiabatic elastic stiffness con-
stants (Eq. 3.1), if it is the Helmholtz free energy (F ) calculated at constant temperature
(T ) (F = E − TS) the isothermal ones are obtained. Below Debye temperature there is
no significant difference between the adiabatic and isothermal elastic constants [33].

In the Voigt notation the pair indices ij (they stand for the directions x, y or z) are re-
placed by index α according to: α=1, 2, 3 for ij= 11, 22, 33, α= 4 for ij= 23 or 32, α= 5 for
ij= 13 or 31 and α= 6 for ij= 12 or 21.

For cubic lattice symmetry, there are three independent compliance and stiffness con-
stants: s11, s12, s44, c11, c12 and c44. For such systems, the elastic stiffnesses can be ex-
pressed in terms of elastic compliances as follows

c44 =
1

s44

; c11 − c12 =
1

s11 − s12

; c11 + 2c12 =
1

s11 + 2s12

. (3.2)

Two of the cubic elastic stiffness constants are derived from the bulk modulus (B)

B =
c11 + 2c12

3
(3.3)

and from the tetragonal shear modulus (c′)

c′ =
c11 − c12

2
. (3.4)



10 CHAPTER 3. ELASTIC PROPERTIES OF SOLIDS

The bulk modulus can be obtained from the equation of state, as mentioned before. In
order to calculate the two cubic shear modulus, c′ and c44, the following orthorhombic
and monoclinic volume conserving deformations can be applied on the conventional
cubic unit cell, respectively




1 + εo 0 0
0 1− εo 0
0 0 1

(1−εo)2


 and




1 εm 0
εm 1 0
0 0 1

1−ε2
m


 . (3.5)

The energy change ( ∆E(ε) = E(ε)− E(0)) upon these distortions is given by

∆E(εo) = 2V c′ε2
o + O(ε4

o) ; ∆E(εm) = 2V c44ε
2
m + O(ε4

m) (3.6)

for orthorhombic and monoclinic deformations, respectively.

Usually, the total energy changes much more strongly with volume than with a gen-
eral (volume preserving) strain. Therefore, to eliminate the strong volume-dependent
energy change which could overcome the strain effect to the total energy, for c′ and c44

volume conserving deformations are used.

3.2 Polycrystalline elastic constants of cubic solids

Isotropic elastic constants may be obtained by averaging the single crystal elastic con-
stants. The most widely used methods are the Voigt and Reuss bounds, the Hashin-
Shtrikman bounds, Hershey average and Hill average. In the following a short overview
of the Voigt and Reuss bounds and Hill average is given.

3.2.1 The Voigt and Reuss bounds, Hill average

The Voigt averaging method is based on application of a uniform strain, and is for-
mulated using the elastic stiffness constants cij . The Reuss method assumes a uniform
stress, and is formulated using the elastic compliances sij . Using Eq. 3.2 and the gen-
eral expression for the Voigt and Reuss bounds [34] these bounds are given in terms of
elastic stiffness constants as follows

BV =
c11 + 2c12

3
; GV =

c11 − c12 + 3c44

5
; BR = BV ; GR =

5(c11 − c12)c44

4c44 + 3(c11 − c12)
(3.7)

Hill [35] has shown that the best average shear modulus can be estimated using the
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Voigt and Reuss bounds, which represent a rigorous upper and lower bounds, as fol-
lows

GH =
GV + GR

2
. (3.8)

Instead of the arithmetic average one can use the geometric one. For an isotropic mate-
rial the GV and GR are equal.

3.2.2 Isotropic polycrystalline aggregates

Single crystal elastic constants are macroscopically valid only for monocrystalline ma-
terials. A polycrystalline material is built by monocrystalline grains, which are ran-
domly oriented. On a large scale, such systems can be considered to be quasi-isotropic
or isotropic. An isotropic system is completely described by the bulk modulus (B) and
the shear modulus (G). The Young’s modulus (E) and Poisson ratio (ν) are connected
to B and G by relations

E =
9BG

3B + G
; ν =

3B − 2G

6B + 2G
. (3.9)

The longitudinal (vL) and transversal (vT) sound velocities are given in terms of B and
G and density (ρ)

ρv2
L = B +

4

3
G ; ρv2

T = G (3.10)

The average sound velocity (vm) is used to calculate the Debye temperature

Θ =
~
kB

(
6π2

V

)1/3

vm, (3.11)

where V is the average atomic volume, ~ and kB are Planck’s and Boltzmann’s constants,
respectively and the average sound velocity is given by

3

v3
m

=
1

v3
L

+
2

v3
T

. (3.12)



Chapter 4

Theoretical tools

There are many ways to calculate the properties of materials. Some methods are based
on empirical parameters, others need as input parameter only the nuclear charges. The
latter is called first principles or ab initio calculation and it is based on solving the many-
body Schrödinger equation

HΨ = EΨ (4.1)

where the Hamiltonian (H) may be written as

H = −~
2

2

nucl∑

k

∇2
Rk

Mk

− ~2

2me

elec∑
i

∇2
ri
−

elec∑
i

nucl∑

k

e2Zk

4πε0|ri −Rk|+

+
1

2

elec∑

i 6=j

e2

4πε0|ri − rj| +
1

2

nucl∑

k 6=l

e2ZkZl

4πε0|Rk −Rl| . (4.2)

Here ~ is the Planck constant, Rk/ri is the nuclear /electronic position vector for k’th/i’th
nucleus/electron, Mk and me are the corresponding masses, Zk are the nuclear charges.
Ψ is the many-body wave function and E is the energy eigenvalue for interacting par-
ticles. The first two terms in Eq. 4.2 are the kinetic energy operators for nuclei and
electrons, respectively. The third term describes the electron-nucleus interaction, the
fourth the electron-electron one and the last term the nucleus-nucleus one. Ψ is the
wave function for electrons and nuclei, being function of all positions.

Without approximations the Schrödinger equation cannot be solved for solid systems
containing thousands of atoms. Because the nuclei are much heavier than the electrons,
the electrons can be considered moving in stationary orbits in the external potential
generated by the fixed nuclei. Therefore, the electronic part of the Schrödinger equation

12
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can be separated from that one which describes the motion of the nuclei. This is known
as the Born-Oppenheimer approximation [36]. The nucleic motion and the resulting
energy contribution to the total Gibbs’ energy of the system are treated within phonon
theory.

The Schrödinger equation for interacting electron gas becomes

(
− ~2

2me

elec∑
i

∇2
ri
−

elec∑
i

nucl∑

k

e2Zk

4πε0|ri −Rk| +
1

2

elec∑

i 6=j

e2

4πε0|ri − rj|
)

Ψi(r) = EΨi(r)

HΨi(r) = (T + Vext + W )Ψi(r) = EΨi(r) (4.3)

where T stands for the kinetic energy of electrons, Vext is the external potential, i.e. the
Coulomb potential from the interactions between electrons and nuclei, and W is the
electron-electron Coulomb potential.

The total energy of electron gas is given by

E = 〈Ψi(r)|H|Ψi(r)〉 = T + W +

∫
Vext(r)n(r)dr. (4.4)

Unfortunately, Eq. 4.3 is still far too complicated to be solved for any realistic solid.
Therefore, further simplifications are needed to turn the above many-body problem
into a solvable problem.

4.1 Density Functional Theory

The basic idea behind the Density Functional Theory (DFT) has been first given by
Thomas [37], according to that the total energy of the system can be described merely
by the electron density. In the Thomas-Fermi theory a homogeneous electron gas was
assumed. This theory fails to reproduce any physical parameter of a realistic material.

In 1964 Hohenberg and Kohn [38] have reformulated the Thomas-Fermi theory. The
total energy (Eq. 4.4) has been rewritten as a functional of the electron density (n(r)). By
separating terms which do not depend on the external potential, i. e. the kinetic energy
and the electron-electron interaction energy, Eq. 4.4 can be recast as follows

E[n] = F [n] +

∫
Vext(r)n(r)dr. (4.5)

The following statements form the basis of this reformulation:

1. the external potential uniquely determines the ground state density,
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2. the exact ground state density minimizes the total energy functional

δE[n]

δn(r)
= 0 (4.6)

3. the functional F [n] does not depend on the external potential (Vext). Therefore it
may be considered to be a universal functional.

The universal functional F [n] contains the kinetic energy term for non-interacting elec-
trons (Ts), the classical electron-electron Coulomb interaction, i.e. the Hartree term
(EH[n]) and the exchange-correlation term (Exc[n]). The last one includes the energy
contributions due to the Pauli exclusion principle (exchange) and all the other energy
contributions due to the many particle interaction not included in the other terms.

F [n] = Ts + EH[n] + Exc[n] (4.7)

The W + Vext terms in the Eq. 4.3 can be replaced by an effective potential, Veff , which
leads to the so-called Kohn-Sham [39] single-electron equation

Heff (r)ψi(r) =

[
− ~

2

2
∇2 + Veff (r)

]
ψi(r) = εiψi(r) (4.8)

where

Veff = Vext + VH([n]; r) +
δExc[n]

δn(r)
(4.9)

with the Hartree potential

VH([n]; r) =
1

4πε0

∫
n(r)

|r− r′|dr
′. (4.10)

Kohn-Sham equation is a Schrödinger type one-electron equation. The ground-state
density for an N electron system is given by the single electron wave functions

n(r) =
N∑

i=1

|ψi(r)|2. (4.11)

The sum runs over all Kohn-Sham states up to the Fermi level accomplishing that the
total number of electrons have to be constant: Ne =

∫
n(r)dr. For a spin polarized

system the single electron wave functions are calculated separately for spin up and spin
down components and leads to a total density composed from spin up and spin down
densities: n(r) = n↑(r) + n↓(r).
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The exact value for the Kohn-Sham non-interacting electron kinetic energy may be cal-
culated from the electron density and one-electron energies (εj) appearing in the one-
electron equations

Ts =
∑

εj<εF

εj −
∫

Veff ([n]; r)n(r)dr. (4.12)

The total energy of the electronic system then is obtained as

Etot =
∑

εj<εF

εj −
∫

Veff ([n]; r)n(r)dr +
1

2

∫
VH([n]; r)n(r)dr+

+Exc[n] +

∫
Vext(r)n(r)dr +

1

2

nucl∑

k 6=l

e2ZkZl

4πε0|Rk −Rl| (4.13)

using the total density given in Eq. 4.11.

The only unknown factor in the Khon-Sham equation (Eq. 4.9) is the exchange-correlation
functional, Exc[n]. The exchange part due to the Pauli exclusion principle may be calcu-
lated exactly [32] within the Hartree-Fock approximation, but this is demanding within
DFT. The correlation part includes all interactions which cannot be calculated exactly.
Therefore, instead of calculating separately the exact exchange and approximating the
correlation there are several approximations which treat these energy contributions
jointly as a functional of the electron density n(r). The exchange-correlation energy
can be obtained by integrating the single electron exchange (εx([n]; r)) and correlation
(εc([n]; r)) energies

Exc[n] = Ex[n] + Ec[n] =

∫
εx([n]; r)n(r)dr +

∫
εc([n]; r)n(r)dr. (4.14)

First approximation for the exchange-correlation functional has been obtained consid-
ering a special model system, the uniform electron gas with density n(r). It is called
Local Density Approximation, LDA. The corresponding exchange-correlation potential
(V LDA

xc = δ(nεLDA
xc )/δn) is a local potential, meaning that it depends only on the elec-

tron density in the actual point.

Several expressions for εLDA
xc ([n]; r) have been developed. The most commonly used is

the parametrization for the correlation energy (εLDA
c (n)) made by Perdew and Wang [40]

based on Monte Carlo calculations of Ceperley and Alder [41]. The LDA one-electron
exchange energy is given by: εLDA

x (n) = −3/2(3/π)1/3n1/3 in atomic Rydberg units. The
LDA overestimates the bonding, which leads to an underestimation of the equilibrium
volume. Therefore, improvements over the LDA are needed.
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Inclusion of gradient corrections to the electron density leads to a group of function-
als, which use Generalized Gradient Approximation, GGA. The exchange-correlation en-
ergy is expressed as a local functional of the density and the magnitude of its gradient:
εGGA

xc [n(r), |∇n(r)|]. Two versions of the GGA are commonly implemented in the DFT
computational programs: the first one has been developed by Perdew, Burke and Ernz-
erhof (PBE) [42] and the second is a revision of the PBE for solids and surfaces (PBEsol)
[43]. The PBE works better than the LDA for bulk properties of 3d metals, but is less
successful for surface properties.

4.2 Computational methods

Most of the DFT computational methods are based on solving the Kohn-Sham equation
(Eq. 4.8). Solutions of the Kohn-Sham equation are the wave functions and the one
electron energies. The wave functions are usually represented as a linear combination
of basis functions. The potential and the electron density vary strongly and are nearly
spherical in the vicinity of nuclei. In contrast they are smoother between the atoms.
Therefore the space is usually divided into two regions where different kind of potential
representations and basis functions are used.

The methods differ from each other in the way how the effective potential is defined
and the basis set is chosen. The most efficient way to solve a computational scientific
problem is sometimes to combine different methods. In the present thesis the Exact
Muffin-Tin Orbital (EMTO) method in combination with the Coherent Potential Ap-
proximation (CPA) and the Disordered Local Magnetic Moments (DLM) approach is
used to treat the chemical and magnetic disorder, and the Projector Augmented Wave
(PAW) method is used to obtain the relaxed crystal structures.

4.2.1 Exact Muffin-tin Orbital method

General aspects

This chapter is based on Reference [34].

In the muffin-tin approximations the space is divided into the spheres around the atomic
sites and the interstitial region between the spheres. In the EMTO method the potentials
are constructed using optimized overlapping spherical potentials and the Kohn-Sham
equation is solved exactly for these potentials. The effective single-electron potential,
called muffin-tin potential (Vmt), is approximated by spherically symmetric potential
(VR(r − R)) centered on lattice site R, plus a constant potential V0 for the interstitial
region
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Veff ≈ Vmt ≡ V0 +
∑
R

[VR(r −R)− V0]. (4.15)

Solutions for the Kohn-Sham equation (Eq. 4.8) are expressed by a linear combination
of exact muffin-tin orbitals (ψ̄a

RL)

Ψj(r) =
∑
RL

ψ̄a
RL(εj, r−R)va

RL,j. (4.16)

The expansion coefficients va
RL,j are determined in a way that Ψj(r) is a solution for Eq.

4.8 in entire space.

The exact muffin-tin orbitals are constructed using different basis functions inside the
potential sphere (r − R < sR) and in the interstitial region (r − R > sR). The sR is the
radius of the potential sphere centered at site R.

Inside the potential sphere (r−R < sR) the basis functions, so-called partial waves (Φa
RL),

are constructed from solutions of the scalar-relativistic, radial Dirac equation for the
spherical potential (ΦRl) and the real harmonics (YL(r̂−R))

Φa
RL(ε, r−R) = Na

Rl(ε)ΦRl(ε, r −R)YL(r̂−R). (4.17)

The normalization factor Na
Rl(ε) assures a proper matching at the potential sphere bound-

ary to the basis function outside of the potential sphere.

In the interstitial region the basis functions are solutions of the free electron Schrödinger
equation. The boundary conditions for the free electron Schrödinger equation are given
in conjunction with non-overlapping spheres, called hard spheres, centered at lattice site
R with radius aR. These functions are called screened spherical waves (ψa

RL(ε− V0, r−R)).
The screened spherical waves are defined as being free electron solutions which behave
as real harmonics on their own a-spheres centered at site R and vanish on all the other
sites.

The partial waves and the screened spherical waves must join continuously and dif-
ferentiable at aR. This is implemented using additional free electron wave functions
(ϕa

Rl(ε, aR)), by which the connection between the screened spherical waves and the
partial waves is obtained. It joins continuously and differentiable to the partial wave at
sR and continuously to the screened spherical wave at aR. Because aR < sR the addi-
tional free-electron wave function should be removed. This is realized by the so-called
kink-cancelation equation.

Instead of calculating all possible wave functions and single electron energies to obtain
the total charge density, the total number of states and the total energy, in the present
method the Green’s function formalism is employed. Both self-consistent single electron
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energies and the electron density can be expressed within Green’s function formalism.
For further details see Ref. [34].

The total charge density is obtained by summations of one-center densities, which may
be expanded in terms of real harmonics around each lattice site

n(r) =
∑

R

nR(r−R) =
∑
RL

nRL(r −R)YL(r̂−R). (4.18)

The total energy of the system is obtained via full charge density (FCD) technique using
the total charge density. The space integrals over the Wigner-Seitz cells in Eq. 4.13
is solved via the shape function technique. The FCD total energy is decomposed in
following terms

Etot = Ts[n] +
∑
R

(FintraR[nR] + ExcR[nR]) + Finter[n] (4.19)

where Ts[n] is the kinetic energy, FintraR is the electrostatic energy due to the charges in-
side the Wigner-Seitz cell, Finter is the electrostatic interaction between the cells (Madelung
energy) and ExcR is the exchange-correlation energy.

EMTO-CPA

In substitutionally disordered alloys an atomic site can be occupied by any atomic type
of the system. The real atomic potential is replaced by the effective (coherent) poten-
tial constructed from real atomic potentials of the alloy components. The impurity
atoms/alloy components are then embedded into this effective potential. This is the
so-called Coherent Potential Approximation (CPA) to handle the chemical disorder. Be-
cause of the Green’s function formalism the CPA can be easily implemented in EMTO.

EMTO-CPA-DLM

Disordered Local Magnetic Moment (DLM) approach is one way to model the param-
agnetic phase in theoretical calculations [44, 45]. Within this approach an AB binary
system where A is magnetic and B is non-magnetic, can be represented as a ternary al-
loy: A↑

0.5A
↓
0.5B with a random mixture of two magnetic states of A. This approximation

describes accurately the paramagnetic state with randomly oriented local magnetic mo-
ments. In the present thesis the zero-temperature DLM state is meant when referring to
the theoretical paramagnetic state.

To sum up the EMTO method is suitable to treat the chemical, magnetic disorder and to
get the total energy of the system.
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4.2.2 Projector Augmented Wave method

Projector Augmented Wave (PAW) method [46, 47] is a pseudo all-electron method,
where the core electrons are implicitly included. The frozen-core approximation is ap-
plied to the core states. They are equal to those of an isolated atom. The variational
quantities are the pseudo-wave functions (Ψ̃) defined for valence electrons, which enter
in the self-consistent procedure. The real all electron wave function (Ψ) can be obtained
from Ψ̃ by a linear transformation T (for pseudofunctions ’tilde’ is used)

|Ψ〉 = |Ψ̃〉+
∑

i

(|φi〉 − |φ̃i〉)〈p̃i|Ψ̃〉 (4.20)

T = 1 +
∑

i

(|φi〉 − |φ̃i〉)〈p̃i|.

The terms in Eq. 4.20 are the following:

1. Ψ – all electron wave function.

2. Ψ̃ – pseudo-wave function: coincides with Ψ outside the augmentation region. It
is expanded in plane waves.

3. φi – all electron partial waves: all electron wave functions can be expanded into all
electron partial waves within the augmentation region. The expansion coefficients
are ci. φi are obtained for a reference atom. The all electron partial waves are
solutions of the radial Schrödinger equations.

4. φ̃i – pseudo partial waves: pseudo-wave functions can be expanded into pseudo
partial waves within the augmentation region, with the same expansion coeffi-
cients ci as mentioned above. The φ̃i are equivalent with φi outside the augmenta-
tion region and match continuously inside.

5. p̃i – projector functions: expansion coefficients ci are scalar products of the pseudo
wave function and the projector function: ci = 〈p̃i|Ψ̃i〉. For each φ̃i there is exactly
one p̃i. The projector functions are localized in the augmentation region. For a
pseudo partial wave – projector function pair 〈p̃i|φ̃j〉 = δij is valid.

The augmentation region is defined around each lattice site, therefore index i refers to
the atomic site R, includes the angular momentum quantum numbers L = (l, m) and an
additional index n for different partial waves for the same site and angular momentum.

Physical quantities can be obtained as an expectation (average) value 〈A〉 of some pseudo
operator Ã from pseudo-wave functions: 〈A〉 = 〈Ψ̃|A|Ψ̃〉. Working with pseudo-operators
the pseudo Hamilton operator and forces can be obtained. For further details see Ref.
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[46]. At the base of the crystal structure relaxation the ”force theorem” stands: when
forces appears both, the nuclei and electronic charge densities are rigidly displaced from
its equilibrium/ground state where the net force is zero.

The benefits of the PAW method are: full wave functions, total energy and relaxed crys-
tal structures may be obtained.

The disadvantage of this method is that the chemical and magnetic disorder are not
so easy to handle. The chemical disorder for non-stoichiometric compositions can be
solved using supercells, but this may become rather difficult. The DLM approach in
multicomponent systems represents a big challenge for full-potential methods.



Chapter 5

Fe2P based materials

The iron phosphide (Fe2P) based materials have attracted numerous MCE research re-
cently. The largest MCE can be obtained around magnetic transition temperature which
is the Curie temperature (TC) for a ferromagnetic to paramagnetic transition. The TC of
Fe2P is around 215 K [48, 49, 50]. The TC can be tuned by replacing part of the Fe atoms
with Mn and part of the P atoms with Si. The Mn addition leads to a decrease in the TC

in MnFe(P,As) system [21, 51] and by Si addition increases the TC in Fe2(PSi) [52]. Both,
Fe2(PSi) and (MnFe)2P show crystallographic phase transitions too [52, 53].

In the present thesis crystallographic and magnetic properties of Fe2P, Fe2P1−xSix (x ≤
0.4) and MnFeP0.75Si0.25, MnFeP0.5Si0.5 are studied.

5.1 Fe2P: base compound for a family of magneto-caloric
materials

In this section an overview for the crystal structure, magnetic properties and features
of magnetic phase transition of Fe2P is given. In the theoretical investigations the fully
relaxed crystal structure is obtained with the PAW method.

5.1.1 Crystal structure of Fe2P

Fe2P crystallizes in hexagonal crystal structure with space group P62m (D3
3h) [49]. There

are four crystallographically different sites: 3f and 3g sites are triple-degenerated and
contain three Fe atoms. The atoms occupying these sites are labeled as FeI and FeII,
respectively. The 2c site is double-degenerated with two phosphorus atoms (PI), the 1c
site is non-degenerate containing one phosphorus atom (PII). The total number of atoms
in the unit cell is nine. The FeI atom is surrounded by two PI and two PII atoms which

21
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form a tetrahedron around the FeI. Therefore this site is called tetrahedral site. Around
FeII atom one PII and four PI atoms form a pyramid. This site is called pyramidal site.
The environment of iron atoms is presented in Fig. 5.1.

Figure 5.1. The environment of iron atoms in Fe2P. a: Relation between the pyra-
midal and tetrahedral sites. Rhombohedral projection in 2D. b: Hexagonal
arrangement of rhombohedral subcells. (Based on Ref. [49].)

The relation between the pyramidal and tetrahedral sites is presented in Fig. 5.1a. Note,
that P atoms form a channel around Fe atoms. These pyramidal-tetrahedral channel
pairs build up the hexagonal arrangement as shown in Fig. 5.1b.

The relaxed crystal structure analysis show that the Wigner-Seitz sphere around 3f site
is smaller than that around 3g, and the Wigner-Seitz sphere around 2c is larger than that
around 1b. This become important when Fe and P atoms are replaced by other ones.
The site projected Wigner-Seitz radii (rWS) are listed relative to the average one (w) in
Tab. 5.1.

Table 5.1. Site projected Wigner-Seitz radii for hex Fe2P (rWS/w).

Site rWS/w
3f (FeI) 0.992
3g (FeII) 1.035
2c (PI) 0.977
1b (PII) 0.956
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5.1.2 Magnetic properties of hexagonal Fe2P

Theoretical magnetic moments

The theoretical and experimental magnetic moments for ferromagnetic and paramag-
netic phase are listed in Tab. 5.2.

One can conclude that the theoretical magnetic moments are in good agreement with
the experimental ones for the ferromagnetic phase.

For both phases the highest magnetic moment is found on the Fe on the 3g site. In
the ferromagnetic phase small moments appear on the P (2c, 1b) sites too, due to the
polarization effect of Fe. Fe and P atoms are ferromagnetically coupled between the Fe
and P atoms, respectively, but antiferromagnetic coupling is found between Fe and P
atoms.

In the paramagnetic phase magnetic moments on 3f , 2c and 1b sites disappear. Koumina
et al. [50] reported an abrupt decrease in the magnetic moments near the Curie tempera-
ture (TC= 217 K) using neutron diffraction measurements. At 230 K they obtained∼ 0 µB

for the magnetic moments of 3f -tetrahedral site and ∼ 0.6 µB for the 3g-pyramidal site.
This high temperature magnetic structure is well reflected by the present DLM results.

Table 5.2. Theoretical (EMTO-PBE) magnetic moments (µB) for ferromagnetic (FM)
and paramagnetic (PM) hex Fe2P. The total ferromagnetic moments per for-
mula unit (µFM) are given in the last row. The experimental magnetic mo-
ments have been taken from Ref. [49, 54].

theory exp
site/atom FM PM FM

3f/Fe 1.02 0 0.92 ± 0.02
3g/Fe 2.08 1.67 1.70 ±0.02
2b/P -0.10 0 -
1c/P -0.08 0 -
µFM 3.01 0 2.94

Magnetostructural effect

After optimizing the c/a ratio of the hex lattice for ferromagnetic and paramagnetic
phases a 0.5% volume decrease is found upon the ferromagnetic-paramagnetic phase
transition. This is due to the magneto-volume effect. In the non-magnetic case spin-up
and spin-down states are equally filled with electrons. Due to the magnetic ordering
electrons are removed from the spin-down bonding states to the spin-up anti-bonding
states. This leads to a weakening of the bond strength and as a consequence to volume
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expansion. The theoretical lattice parameter a decreases and c increases. This finding is
in agreement with experimental observations [49].

5.2 Si induced crystallographic phase transition of
Fe2P1−xSix

According to the experiment [52] at low temperature (near 10 K) Fe2P1−xSix adopts the
hex crystal structure up to 10-12% of Si. Increasing the Si content a phase transition is
induced from the hex (space group P62m) to the bco (space group Imm2) [52] crystal
structure. Experimental measurements give the room temperature crystal parameters
of Fe2P and Fe2P0.75Si0.25. First the equilibrium crystal structures are determined for Si
free hex and bco structures. Relaxation is done with PAW method at 0 K in ferromagnetic
phase. These relaxed, rigid crystal structures are used to investigate structural stability
in both magnetic phases. The paramagnetic phase is modeled by DLM approach.

This section give a detailed description of orthorhombic structure, give an overview for
stability of hex and bco crystal structures, Si site preference and the effect of Si doping.

5.2.1 Orthorhombic structure of Fe2P1−xSix

The body centered orthorhombic (bco) unit cell contains 18 atoms: 12 Fe and 6 P atoms,
and may be represented as a double hex cell. The site correspondence between the hex
and bco unit cells [55, 56] is given in Tab. 5.3.

Table 5.3. Site correspondences between hex and bco structures [55, 56].

hex bco
FeI ←→ Fe1, Fe2
FeII ←→ Fe3, Fe4, Fe5, Fe6
PI ←→ P1
PII ←→ P2, P3
2chex ≈ aso√

3ahex ≈ bso

ahex ≈ cso

The correspondence between the lattice parameters a, b, c is given for a simple or-
thorhombic cell with 32 atoms (built up by four hex cell) [55]. In the Fig. 5.2 the or-
thorhombic structure is shown.

In Tab. 5.4 the site projected Wigner-Seitz radii in units of average Wigner-Seitz radii
are listed for hypothetical bco Fe2P (rWS/w). Note that the largest WS sphere is around
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Figure 5.2. Orthorhombic structure of Fe2P1−xSix. ( Based on Ref. [55].)

Table 5.4. Site projected Wigner-Seitz radii for hypothetical bco Fe2P (rWS/w).

Site rWS/w
8e (Fe1) 0.999
4c (Fe2) 0.997
4d (Fe3) 1.031
4d (Fe4) 1.023
2b (Fe5) 1.040
2a (Fe6) 1.013
8e (P1) 0.983
2b (P2) 0.948
2a (P3) 0.954

the P1 sites amongst P sites.

In the hex phase roman numbers and in the bco phase arabic numbers are used for site
representation.

5.2.2 Lattice stability of Si free Fe2P

The Si free hex phase stability against the bco one is investigated in both magnetic
phases.
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Lattice stability in ferromagnetic phase

Total energies for both structures are calculated and it is found that the bco phase is the
stable one by 0.124 mRy/atom against the hex. This is in contradiction with the exper-
imental finding [49]. To find the effects which are not included in ab initio calculations
and could stabilize the hex phase, the zero-point energies are investigated.

Zero-point phonon vibration

The Heisenberg uncertainty principle is valid for the atomic nuclei too. This leads to a
free energy contribution at 0 K, called zero-point phonon vibration energy. The energy
difference coming from the zero-point phonon vibration energy for different structures
can be estimated as

∆Ezp
ph ≈

9

8
kB

(
Θbco

D −Θhex
D

)
, (5.1)

where ΘD is the Debye temperature for a given structure, kB is the Boltzmann constant.
The Debye temperature may be estimated from the bulk parameters as

ΘD =
h

kB

(
4π

3

)−1/6

F (ν)

(
wB

M

)1/2

, (5.2)

where h is the Planck constant, ν the Poisson ratio (here νhex = νbco = 0.33 is assumed),
M average atomic mass, w the Wigner-Seitz radius and B the bulk modulus. The func-
tion F (ν) is defined in Ref. [57].

The calculated ∆Ezp
ph shows that this energy contribution is not enough to overcome

the structural energy difference. This term can stabilize the hex structure only if there
are soft phonon modes in the hex phase. This question needs to be investigated in the
future.

Zero-point spin fluctuations

In a weak ferromagnet, as in Fe2P, the magnetic moments are not localized to a given
site, a fluctuation in the magnitude of the magnetic moment and in the orientation may
be observed. Previously the appearance of such ”spin waves” has been ascribed to
thermal excitations [58]. It has been shown recently that spin fluctuations can appear
even at 0 K [59]. The zero-point spin fluctuation energy contribution can be estimated
as a function of characteristic frequency of spin fluctuation (ωSF) and a cutoff frequency
(ωc):

Ezp
SF ≈

3

4π
~ωSF ln

ω2
SF + ω2

c

ω2
SF

, (5.3)

The cutoff frequency (ωc) can be taken from experiment: ~ωc ∼ kBTmelt. The characteris-
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tic frequency of spin fluctuation (ωSF) can be calculated using density of states at Fermi
energy (N(EF )) by means of ~ωSF ∼ χ−1µ2

B (χ is the magnetic susceptibility), where

χ =
3µ2

BN(EF )

ζ2c
, (5.4)

c = −1

8

n2

N(EF )2

[
N(EF )′′

N(EF )
− 3

(
N(EF )′

N(EF )

)2
]

,

ζ = (n↑ − n↓)/n↑ + n↓

n↑ and n↓ being the spin occupation numbers, ′ and ′′ labels the first and second order
derivative of N(EF ).

The zero-point spin fluctuation energy difference between hex and bco phases of Fe2P is
calculated. It is shown that this term can stabilize the ferromagnetic hex phase at 0 K.

As a summary can be concluded that DFT calculations predict the bco to be the stable
structure for the ferromagnetic Fe2P.

Lattice stability in paramagnetic phase

The crystallographic phase stability in paramagnetic phase is investigated using the
DLM approach. Within this approximation the magnetic moments are allowed to be
randomly oriented, thus corresponding to a high temperature paramagnetic phase. It
is found that in the paramagnetic phase the hex structure is the stable one with 0.865
mRy/atom against the bco (see Fig. 5.3).

5.2.3 Si site preference

Rundqvist [60] has proposed that the substitution of P by a non-metallic element should
show a site preference driven by the size of substitutional atom: atoms larger than P (e.g.
arsenic, As or silicon, Si) should occupy the 2c position while smaller (e.g. boron, B) the
1b one. This statement has been confirmed experimentally for the As [61] and B [62]
substitution, but not for Si [52]. As mentioned previously (see Tab. 5.1) the Wigner-
Seitz sphere around the PI (2c) site is larger than around the PII (1b). The atomic volume
of Si is larger than the atomic volume of P by 13% [63]. Liu and Altounian have shown
a Si/2c preferential occupation in the case of MnFeP2/3Si1/3 [64]. Therefore, a possible
site preference cannot be excluded for Fe2P1−xSix either.

This problem is investigated for ferromagnetic Fe2P2/3Si1/3 stoichiometric compound.
The results show that in both, hex and bco structures the first P position, 2c and 8e for hex
and bco, respectively, is the preferred one for Si substitution. This is in accordance with
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the larger empty space around this positions (see Tables 5.1 and 5.4). The stabilizing
effect of site preference is more accentuated for the bco (2.41 mRy) structure than for the
hex one (0.54 mRy).

5.2.4 The effect of Si doping

Bulk properties and Debye temperature

Equilibrium volume

In both ferromagnetic and paramagnetic phases, the theoretical equilibrium volume (w)
increases almost linearly with Si content and wbco < whex. In the hex structure there is
a big drop between the ferromagnetic and paramagnetic equilibrium volumes which is
not found in the bco phase. To our knowledge, no direct experimental data is available
for the effect of Si doping on the equilibrium volume of Fe2P1−xSix. However, Jernberg
and co-workers [52] have reported that the magnetic phase transition is the first-order
one for x=0, and it seems to be a second-order one for higher Si content. This could be
an explanation for the above mentioned finding for the theoretical equilibrium volume.

Bulk modulus and Debye temperature

The calculated bulk modulus of the hex (bco) phase increases from 161 GPa (170 GPa)
to 175 GPa (181 GPa) as the Si content increases from zero to 40%. The trend of the
bulk modulus turns out to be the dominant term in the Debye temperature, yielding
Θhex

D < Θbco
D for all x values considered here.

Magnetic properties

Magnetic properties as a function of Si content are investigated in paramagnetic phase
of the hex and bco Fe2P1−xSix. In both structures, the local magnetic moments increase
with increasing Si content. This increase is more accentuate for the bco phase.

Structural phase transition in Fe2P1−xSix

Experimental investigations show that the crystal structure transition temperature in-
creases with increasing Si content and occurs within a narrow two-phase field [52].

Lattice stability of Fe2P1−xSix is investigated in paramagnetic phase modeled by the
DLM approach. The structural energy difference (Ebco − Ehex), calculated using the re-
laxed total energies obtained for rigid lattice and taking into account the site preference,
is shown in Fig. 5.3.

The hex total energy remains below the bco total energy up to ∼ 23% Si. According
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Figure 5.3. Structural energy difference for paramagnetic Fe2P1−xSix as a function
of Si content. Inset shows the mixing enthalpy (∆H , solid lines) and (∆H−
T∆Sc) for T = 700 K (dashed lines, Sc being the configurational entropy)
for hex and bco phases. The reference states are the hex phase for x = 0
and the bco one for x = 0.4.

to that the stability field of the hex/bco phase is located below/above x ≈ 0.23. This
is consistent with the high temperature experimental result [52]. Using the common
tangent technique one can see a wide two-phase field which is in disagreement with
the experimental results. Note that the presented energy difference does not include
the temperature effect. In the inset of Fig. 5.3 the configurational entropy is included
at 700 K. One can notice that the two-phase field becomes narrower. One can conclude
that to establish a good theoretical phase diagram one should take into account the
temperature effect. This is a huge task, especially to calculate the phonon entropy for a
disordered multicomponent system.

Using simple models (Debye model for phonon entropy and mean-field model for mag-
netic entropy) the effect of phonon and magnetic entropies are assessed. Results are
shown in Fig. 5.4. In these studies a uniform doping of Si is assumed.

Magnetic entropy stabilizes the bco phase. This is in accordance with the higher magni-
tude of local magnetic moments. Phonon entropy stabilizes the hex phase, which is in
accordance with the lower Debye temperature of the hex phase. The phonon stabilizing
effect is stronger. This is the reason for the increasing transition temperature with Si
addition.

The site preference has effect on lattice stability too. The stabilizing effect of the site
preference is more accentuate for the bco structure than for the hex one. One can realize
this by comparing Figures 5.3 and 5.4. In Fig. 5.3 total energy difference is shown for
Fe2P1−xSix taking into account the site preference. The stability field of bco is above
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Figure 5.4. Effect of magnetic and phonon entropy on structural energy difference
in paramagnetic Fe2P1−xSix.

x ≈ 0.23. In Fig. 5.4 the site preference is not taken into account and one can see that the
stability of bco is above x ≈ 0.30 at 0K.

Chemical effect of Si

The total electrostatic energy and one-electron kinetic energy are investigated. The av-
erage electrostatic energy of paramagnetic Fe2P is slightly smaller in the bco phase than
in the hex phase. The kinetic energy (plus the exchange-correlation term) is smaller for
the hex phase than for the bco phase. In other words the electrostatic energy favors the
bco phase, the kinetic energy the hex one. Silicon doping changes the bonding in such
a way that the kinetic (plus exchange-correlation) energy decreases, i.e. both structures
become more stable kinetically. This effect is more pronounced for the hex structure
than for the bco structure. The electrostatic energy shows the opposite trend: for both
structures the electrostatic energy increases with Si doping. This is in line with the ob-
servation that the average interstitial charge density decreases for both structures. Note
that Si has less electrons than P. This change is more pronounced for the hex structure.
Hence, the electrostatic destabilization effect of Si is larger in the hex structure than in
the bco structure, which together with the kinetic energy change leads to the stabiliza-
tion of the bco phase against the hex phase with Si addition.

Electronic structure of ferromagnetic, paramagnetic and non-magnetic Fe2P1−xSix

In Figures 5.5 and 5.6 the ferromagnetic (FM), paramagnetic (PM) and non-magnetic
(NM) density of states (DOS) are presented for the hex and bco structures of Fe2P and
Fe2P0.6Si0.4.
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The NM-DOS is used to calculate the magnetic susceptibility needed to estimate the
zero-point spin fluctuation energy difference. Note the different curvature for hex and
bco DOS around the Fermi energy (DOS(EF)). This leads to different characteristic fre-
quency of spin fluctuation, therefore to energy difference. The large peak in DOS(EF)
indicates that Fe2P is a weak ferromagnet. This justifies the usage of Stoner expression
for the magnetic susceptibility. The large peak in NM-DOS(EF) is partly removed from
FM and PM DOS.

In the case of hex Fe2P a large peak in spin-down FM-DOS(EF) still exists, the spin-
up FM-DOS(EF) is considerably lower. The total FM-DOS(EF) is lower than the NM-
DOS(EF) (16,4 states/Ry and 24,1 states/Ry, respectively). In the bco phase of Fe2P there
does not exist such a large peak in the spin-down FM-DOS(EF) than in the hex phase.
The spin-up DOS is also low. The total FM-DOS(EF) is lower than the NM-DOS(EF)
(14,1 states/Ry and 24,5 states/Ry, respectively).

The peak in the PM-DOS(EF) still exists in both structures but that is not so pronounced
than in hex spin-down FM-DOS(EF). The magnitude is the same than in the bco spin-
down FM-DOS(EF).

For hex and bco Fe2P a gap between∼−0.75−−0.55 Ry exists which is mostly removed
by Si addition. The FM-DOS(EF) and PM-DOS(EF) of the hex phase are increased by Si
addition while they are decreased in the bco phase. This leads to a decrease of the bco
kinetic energy and increase of the hex one. This means a stabilization effect of the bco
phase against the hex phase.
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5.3 Mn site preference in MnFeP1−xSix

It has been shown experimentally that Mn preferentially occupy the pyramidal (3g)
sites in FeMnP [65]. In the present thesis the Mn site preference is investigated theo-
retically in ferromagnetic MnFeP0.75Si0.25 and MnFeP0.5Si0.5 compounds, where the hex
Fe2P structure is assumed according to Cam Thanh et al. [19]. Three different phases are
investigated:

1. Mn-pyramidal: Fe occupies the 3f site and Mn the 3g site

2. Disordered: both, 3f and 3g, sites are equally occupied by Fe and Mn atoms

3. Fe-pyramidal: Fe occupies the 3g site and Mn the 3f site
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Figure 5.7. Total energy curves for three possible arrangement. Dashed line stands
for the experimental Wigner-Seitz radius.

Total energy curves are shown for each compound in Fig. 5.7. For both compounds
the Mn-pyramidal arrangement has the lowest energy by 7-10 mRy relative to the other
two possibilities. The deviation between the experimental and theoretical Wigner-Seitz
radii (w) is 0.20% and 0.47% for MnFeP0.75Si0.25 and MnFeP0.5Si0.5, respectively. One can
find the experimental result in Paper II for MnFeP0.75Si0.25.

One can conclude that Mn atom occupies the 3g pyramidal position. A reasonable ex-
planation can be found by analyzing the atomic radius of Mn and Wigner-Seitz spheres
around each position: Mn, having 3.2% larger atomic radius than Fe [63], prefers to oc-
cupy the largest 3g site (see Tab. 5.4). In the present investigation a uniform occupation
of P sites by Si atoms is assumed.



Chapter 6

Thermophysical properties of Pd-Ag
binary alloys

Palladium-silver alloys are frequently used for hydrogen separation membranes for
producing purified hydrogen gas [4]. For this application a fundamental understand-
ing of the composition dependence of the thermophysical properties is needed. The
EMTO method is used to investigate the thermophysical properties of Pd1−xAgx alloys
which form solid solutions within face-centered-cubic (fcc) crystallographic phase [66].
Lattice parameters, single crystal elastic stiffnesses, polycrystalline elastic constants, De-
bye temperature, entropy, enthalpy of formation and Gibbs energy are investigated as a
function of composition.

In the present calculations the reported short range ordering [67, 68] is not taken into ac-
count. We expect that this effect have only minor impact on the thermophysical proper-
ties of Pd-Ag at room temperature and above. The calculated lattice parameter, entropy,
enthalpy of formation and Gibbs energy agree well with the available experimental data
[69, 7] as it is shown in Fig. 6.1.

Composition dependence of elastic stiffnesses, polycrystalline elastic constants and De-
bye temperature are calculated and they are plotted in Fig. 6.2a. One can notice an
almost linear composition dependence for B and elastic stiffnesses ( c11, c12 and c44). In
the case of shear modulus G, Young’s modulus E and Debye temperature ΘD one can
distinguish at least two concentrations (40, 60%) where a break in the linear dependence
appears. The Poisson ratio ν exhibits a non-monotonous behavior with a minimum at
50% and 60% Ag. Therefore, the non-linear contribution to the concentration depen-
dence of the investigated physical parameter is separated and plotted in Fig. 6.2b.

The figure clearly shows that elastic stiffnesses deviate strongly from the linear behav-
ior. The B(x) and c12(x) follow a nearly parabolic trend with a first-order derivative
discontinuity at ∼ 30 and ∼ 60% Ag. The c44(x) has a blurred breakpoint at x = 0.6, and
∆c44(x) changes sign around x = 0.8. The c11(x) has a double minimum structure, with
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Figure 6.1. a. Theoretical and experimental equilibrium lattice parameters for Pd-
Ag alloys plotted as a function of Ag concentration [69]. b. Comparison
between theoretical (present results) and experimental [7] mixing enthalpy
(∆H), Gibbs energy of formation (∆G) and excess entropy of formation
(∆Svib and ∆Sxs) for Pd-Ag alloys as a function of Ag concentration (1200
K).

a sharp first order discontinuity between 50 and 60% of Ag and a breakpoint at x ≈ 0.6.

The strongly non-linear trends in the elastic stiffnesses are well reflected in the polycrys-
talline elastic constants and Debye temperature. The G(x), E(x) and ΘD(x) have large
positive deviations, while ν(x) negative one. The ∆ΘD(x) has maximum at 50 and 60%
Ag content. This is reflected in the theoretical Gibbs energy of formation (∆Gtheor) as a
negatively curved portion between 45-60% of Ag (see Fig. 6.1b).

This strong non-linear trend may be connected to electronic topological transitions (ETT)
reported by Bruno at al. [6]. They have found five ETT’s in random Pd-Ag alloys at
x = 0.06, 0.20, 0.35, 0.53 and 0.70 using fully relativistic KKR method. It should be men-
tioned that ETTs are blurred by the substitutional disorder, and due to their closeness the
effect of ETTs overlap [6]. In addition the EMTO method is a scalar relativistic method
in which the spin-orbit coupling is not taken into account. Distortions applied to calcu-
late the elastic properties make the ETT effects on the cij(x) to be smeared. Therefore, it
is quite problematic to find all five ETTs for distinct concentrations.

In the present theoretical work, the effect of ETT at x = 0.53 is detected and discussed
for the lattice parameter. Bruno et al. [6] have associated the topological transition at
x = 0.53 with the hole pockets centered at X points from the Brillouin zone. These
pockets have a d character.
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Figure 6.2. a. Theoretical single and polycrystalline elastic constants and Debye
temperature of Pd-Ag alloys as a function of Ag concentration. b. Devia-
tions from the linear behavior of the theoretical single and polycrystalline
elastic constants and Debye temperature of Pd-Ag alloys as a function of
Ag concentration.

In Paper III it is shown that the volume change (∆V/V0) is proportional to the change
in sp occupation number (nsp), i.e. a decrease in nsp leads to a volume decrease. The
slope of the volume decrease depends on the change in nsp. In Fig. 6.3 it is shown
that the volume dependence has a large negative slope at Ag rich compositions, reaches
its maximum near 60% of Ag, and has a positive slope for Ag poor compositions, i.e.
largest deviation to the linear trend occurs near 60% of Ag.

An explanation for the above behavior can be found by analyzing the DOS. It is shown
in Fig. 6.4 that the d band in Ag and Ag rich alloys is far below the Fermi level. Therefore
electrons from the sp band are mainly removed to the d band. The Pd d band is located
near the Fermi level. A Pd addition leads to a decrease in the total number of electrons
per atom, which strengthen the nsp decrease. This leads to the above mentioned large
negative slope. By increasing Pd, the sp band becomes unoccupied (50 and 60 % of Ag).
Further Pd addition leads to an electron transfer from the d band to the sp band, which
results in the positive slope, due to the d bands located near Fermi level.

Because an ETT occurs at x = 0.53 involving pockets with d character the ETT is related
to the observations in the DOS and finally to the deviation from the Vegard’s rule.
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Concluding remarks/Future work

In the present thesis, I investigated the crystallographic and magnetic properties of Fe2P
based materials. Theory predicts that at low temperature the Fe2P adopts the bco crystal
structure instead of the hex one found in experiment. Here two possible energy contri-
butions (zero-point spin fluctuation and phonon soft modes) are estimated, which could
stabilize the hex structure. In particular, the zero-point spin fluctuation energy turns out
to be comparable with the calculated total energy difference, meaning that this effect
could in fact be responsible for the stability of the hex phase. Magnetic properties of the
Fe2P and Fe2P1−xSix are in good agreement with the experimental findings. The crystal-
lographic phase transition induced by Si in the Fe2P1−x Six is described in paramagnetic
phase, but the narrow two-phase field is not reproduced by first principles calculations.
Entropy effects are assessed using simple models. The P site preference in Fe2(PSi) and
the Mn site preference in MnFeP1−xSix is investigated in details.

I carried out first-principles calculations to describe the thermophysical properties of
Pd-Ag binary alloys. The calculated lattice parameters, excess entropy, enthalpy of for-
mation, Gibbs energy for alloys, elastic stiffnesses and polycrystalline elastic constants
for Ag and Pd are in good agreement with the available experimental data. Strong de-
viations from the linear behavior are found for the lattice constant, elastic stiffnesses,
polycrystalline elastic constants and Debye temperature as a function of concentration.
These deviations may be related to the Fermi surface topological transitions.

Detailed investigation of composition dependence of magnetic exchange energy, Curie
temperature, magnetic properties of MnFeP1−xSix compounds and pressure effect on
crystallographic phase transition in Fe2P1−xSix are part of my ongoing projects. Non-
collinear magnetism and mechanical stability of Fe2P will be forthcoming research sub-
jects. Parallel to the magneto-caloric materials, I will continue investigating the thermo-
physical properties of Pd-Ag alloys by accounting for the temperature effects.
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[57] P. Söderlind, L. Nordström, Lou Yongming and B. Johansson, Phys. Rev. B 42, 4544
(1990).

[58] T. Moriya: J. Magn. Magn. Mat. 100, 261 (1991).

[59] A. Solontsov: Int. J. Mod. Phy. B 19, 3631 (2005).

[60] S. Rundqvist: Ark. Kemi 20, 67 (1962).

[61] A. Catalano, R. J. Arnott and A. Wold: J. Solid State Chem. 7, 262 (1973).

[62] R. Chandra, S. Bjarman, T. Ericsson, L. Häggström, C. Wilkinson, R. Wäppling, Y.
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Ab initio electronic-structure methods are used to study the properties of Fe2P1−xSix in ferromagnetic and
paramagnetic states. The site preference and lattice relaxation are calculated with the projector augmented
wave method as implemented in the Vienna ab initio simulation package. The paramagnetic state is modeled
by the disordered local magnetic moment scheme, and the chemical and magnetic disorder is treated using the
coherent potential approximation in combination with the exact muffin-tin orbital formalism. The calculated
lattice parameters, atomic positions, and magnetic properties are in good agreement with the experimental and
other theoretical results. In contrast to the observation, for the ferromagnetic state the body centered ortho-
rhombic structure �bco, space group Imm2� is predicted to have lower energy than the hexagonal structure

�hex, space group P6̄2m�. The zero-point spin fluctuation energy difference is found to be large enough to
stabilize the hex phase. For the paramagnetic state, the hex structure is calculated to be the stable phase and the
computed total energy versus composition indicates a hex to bco crystallographic phase transition with increas-
ing Si content. The phonon vibrational free energy, estimated from the theoretical equation of state, turns out
to stabilize the hexagonal phase, whereas the electronic and magnetic entropies favor the low symmetry
orthorhombic structure.

DOI: 10.1103/PhysRevB.82.085103 PACS number�s�: 71.15.Nc, 71.20.Gj, 64.30.Ef, 75.20.En

I. INTRODUCTION

Iron pnictides have attracted much attention in recent
years due to their potential use in magnetic refrigeration.
Several experimental works reported large magnetocaloric
effect �MCE� near room temperature in MnFe�PAs�-based
compounds.1–7 Both the Curie temperature �TC� and the
MCE can be subtly tuned within the same crystal structure
by substituting Fe and P/As. In other cases, substitution of Fe
and P may lead to structural changes as well.8,9

The parent system for the above compounds is the hex-
agonal �hex� Fe2P. In 1980s, Jernberg et al.10 reported a
phase transformation in Si-doped Fe2P �Fig. 1�. According to
these measurements, the silicon atoms occupy the P sublat-
tice and stabilize a body centered orthorhombic �bco� phase
below a critical temperature �Tt�. Around zero temperature,
the system remains in the hex phase up to �10% Si, and
beyond this concentration the transition temperature shows a
rapid increase with the Si amount. At temperatures larger
than �200 K, the structural transition occurs within a nar-
row temperature interval ��20 K�.10–12 Furthermore, the fer-
romagnetic �FM� transition temperature of Fe2P1−xSix was
found to increase from �216 K for x=0 to �660 K for x
=0.35.10 Since the composition dependence of TC is weaker
than that of Tt �Fig. 1�, the two transition temperatures cross
each other around x�0.28 so that both crystallographic
phases exist in the paramagnetic �PM� phase as well. It is
interesting that the slope of the experimental Tt against Si
content is almost constant for the two magnetic states and the
slope of TC is slightly reduced in the bco phase.

In spite of the comprehensive experimental data, the the-
oretical description of the effect of Si on the structural and

magnetic properties of hexagonal Fe2P and on the hex-bco
phase transformation in Fe2P1−xSix has remained scarce. In
this work, we investigate the effect of Si doping on the struc-
tural and magnetic properties of ferromagnetic and paramag-
netic Fe2P and on the phase stability of paramagnetic Fe2P.
The structural and magnetic properties have been calculated
using the ab initio exact muffin-tin orbital �EMTO�
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FIG. 1. Schematic phase diagram of the Fe2�PSi� system �Ref.
10�. Shown are the hex-bco transition temperature Tt �solid line�
and the Curie temperature TC �dashed line� as a function of Si
content.
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method13–17 and the projector augmented wave �PAW�
method as implemented in the Vienna ab initio simulation
package �VASP�.18–21 The paramagnetic state has been de-
scribed within the disordered local magnetic moments
�DLM� picture22,23 and the chemical and magnetic disorder
have been treated using the coherent potential approximation
�CPA� �Refs. 24 and 25� in combination with the EMTO
method.16,17 For both crystallographic structures, the calcu-
lated lattice parameters, atomic positions, bulk moduli, and
magnetic properties are in good agreement with the experi-
mental and former theoretical values.9,11,26–31 For the ferro-
magnetic state the bco structure is found to be the stable
phase, in contrast to the experimental finding. At the same
time, zero-point spin fluctuation energy is estimated to stabi-
lize the ferromagnetic hex phase. Our first-principles ap-
proach qualitatively captures the observed hex-bco structural
phase transitions in paramagnetic Fe2P1−xSix although pre-
dicting a significantly larger two phase field than the one
seen in experiments. Combining the present ab initio results
with classical models for the thermal effects, we find that the
magnetic and electronic entropy terms favor the paramag-
netic bco phase, whereas the vibrational free energy strongly
stabilizes the hex structure.

The rest of the paper is divided into three main sections
and conclusions. Section II presents the theoretical tools.
This includes a brief overview of the employed ab initio
methods, the experimental crystal structures and the most
important details of the numerical calculations. The ab initio
results are presented and discussed in Sec. III. Here, we
present the theoretical crystal structures and magnetic prop-
erties of Fe2P, and investigate the effect of Si doping on the
crystal structure, phase stability and magnetic properties of
Fe2P1−xSix. In Sec. IV, we use classical models to interpret
our findings from Sec. III. First, we compare the zero-point
phonon and magnetic energies to the calculated energy dif-
ference between ferromagnetic hex and bco Fe2P. Next, we
investigate the chemical effect of Si and briefly discuss the
temperature effects on the phase stability of paramagnetic
Fe2P1−xSix.

II. THEORETICAL TOOLS

A. Total energy methods

We employed two different total energy methods to de-
scribe the thermophysical properties of Fe2P1−xSix with x
�0.4. The exact muffin-tin orbital method13–17 was used to
treat the chemical and magnetic disorder, whereas the crystal
structure relaxation was performed using projector aug-
mented wave method.18–21

The EMTO theory formulates an efficient method for
solving the Kohn-Sham equation.32 It may be considered as
an improved Korringa-Kohn-Rostoker method, where the ex-
act Kohn-Sham potential is represented by large overlapping
potential spheres. Inside these spheres the potential is spheri-
cally symmetric, and constant between the spheres. How-
ever, within the EMTO theory, in contrast to the usual
muffin-tin based methods, the one-electron states are deter-
mined exactly �within the common numerical errors� for an
optimized overlapping muffin-tin potential. This potential is

chosen as the best possible spherical approximation to the
exact potential:14,17,33 the radii of the potential spheres, the
spherical potential waves, and the constant value from the
interstitial, are determined by minimizing �a� the deviation
between the full potential and the overlapping muffin-tin po-
tential and �b� the errors coming from the overlap between
spheres. See Refs. 33 and 34 for further details about the
potential optimization. In EMTO method, the substitutional
disorder is treated using the coherent potential
approximation24,25 and the total energy is computed via the
full charge-density technique.35 The accuracy of the EMTO
method for the equation of state of metals and disordered
alloys has been demonstrated in a number of former
works.16,17,36–43

The PAW method is a density-functional method using the
plane-wave basis.44,45 In PAW, the interaction between va-
lence and core electrons is taken into account via pseudopo-
tentials. For valence electrons, the Kohn-Sham equations are
solved without shape approximation for the potential and
density. It has been shown that PAW possesses the same
accuracy as the full potential all electron methods.46

B. Crystal structure

The hexagonal phase of Fe2P has the space group P6̄2m
with six Fe atoms and three P atoms per unit cell. There are
three Fe atoms of type Fe�I� and three of type Fe�II�. Two
phosphorus atoms have type P�I� and one type P�II�. Fe�I� is
surrounded by four P atoms which form a tetrahedron and
Fe�II� by five P atoms forming a pyramid. Therefore Fe�I�-3f
site is also called tetrahedral site and Fe�II�-3g pyramidal
site.47,48

In early 1980s, Jernberg et al.10 studied the crystal struc-
ture and magnetic properties of Fe2P1−xSix with x�0.35 us-
ing Mössbauer spectroscopy. According to them, Si addition
to Fe2P transforms the hex structure to a body centered
orthorhombic structure with space group Imm2. In the ortho-
rhombic structure, there are three different type of phos-
phorus sites P�1�, P�2�, and P�3�, and six different type of
iron sites Fe�1�,Fe�2�,…,Fe�6�. The bco primitive cell con-
tains four Fe�1�, two Fe�2�, two Fe�3�, two Fe�4�, one Fe�5�,
and one Fe�6� iron sites, and four P�1�, one P�2�, and one
P�3� phosphorus sites.

In the following, for the description of the hex �bco�
phase we use roman �Arabic� numbers. For reference, the
experimental lattice parameters and atomic positions are
given in parenthesis in Table I for hex Fe2P �Ref. 49� and in
Table II for bco Fe2P0.75Si0.25.

11

C. Details of the numerical calculations

The PAW method in combination with the local density
approximation �LDA� �Ref. 50� and the Perdew-Burke-
Ernzerhof �PBE� generalized gradient approximation51 was
used to determine the theoretical equilibrium crystal struc-
ture of hex and bco Fe2P and Fe2P2/3Si1/3 in the ferromag-
netic state. In these calculations, the Fe 3d and 4s, and the P
and Si 3s and 3p electrons were treated as valence electrons.
The volume of the unit cell and the positions of the atoms
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were relaxed using conjugate-gradient minimization of total
energy until the remaining forces were less than 20 meV /Å.
The number of k points in the irreducible wedge of the Bril-
louin zone was 324 and 100 for hex and bco structures, re-
spectively. The k-point sampling was performed by the
Monkhorst-Pack scheme.52 The energy cutoff for plane
waves was set to 500 eV. These values assured a conver-
gence in the total energy of about 0.1 mRy.

The total energies of the Fe2P1−xSix alloys were calculated
using the EMTO method. The paramagnetic state was mod-
eled by the disordered local magnetic moment approach.22,23

This approximation accurately describes the paramagnetic
state with randomly oriented local magnetic moments.22

Here, we treated the Fe2P1−xSix ternary system as a quater-
nary �Fe0.5

↑ Fe0.5
↓ �2P1−xSix alloy with a random mixture of two

magnetic states of Fe. It has been shown that the total energy
and the effective medium obtained with the DLM approach
is suitable to calculate phase stability and magnetic proper-
ties of paramagnetic Fe alloys.9,38,41,53,54 In the following,
when referring to the theoretical PM state we mean the zero-
temperature DLM state. The chemical disorder in the FM

and PM states and the magnetic disorder in the PM state
were treated using the CPA as implemented in the EMTO
method.16

In the EMTO calculations, the one-electron equation was
solved within the scalar-relativistic and soft-core approxima-
tions. The Green’s function was calculated for 16 complex
energy points distributed exponentially on a semicircular
contour. In the basis set s , p and d orbitals were included,
and in the one-center expansion of the full charge density
lmax=8 cutoff was used. The electrostatic correction to the
single-site coherent-potential approximation was described
using the screened impurity model.55 For Fe the 3d and 4s
electrons and for P and Si the 3s and 3p electrons were
treated as valence electrons. The Brillouin-zone sampling
was performed using 45 and 175 uniformly distributed k
points in the irreducible wedge of the hex and bco Brillouin
zones, respectively. The self-consistent EMTO calculations
were performed within LDA and the total energies were cal-
culated using both LDA and PBE approximations.

Apart from some numerical errors, the PAW total energies
are expected to represent the correct LDA or PBE level
density-functional result. On the other hand, the EMTO
method suffers from the shape approximation employed for
the one-electron potential. In principle, the errors coming
from this approximation can be lowered by increasing the
number of basis functions included in the self-consistent
calculation.56 However, going beyond spd or spdf basis set
is rather cumbersome in the case of large systems and there-
fore here we adopted a different approach. Full potential cal-
culations have often been considered as reference for other
electronic structure and total energy methods. Hence, here
we used our PAW results obtained for the ferromagnetic
Fe2P as reference when minimizing the errors of the muffin-
tin potential in the EMTO total energies. Finally, for the radii
of the Fe, P, and Si potential spheres we arrived at Si=0.9
�wi, where wi stands for the atomic radii of the Fe or P sites
from the hex or bco structures.

TABLE I. Theoretical �PAW-PBE� lattice parameters and atomic
positions for hex Fe2P. For reference, the experimental room-
temperature values �Ref. 49� are shown in parenthesis.

Position

Space group: P6̄2m

Lattice parameters

a=5.802�5.8675� Å b=a c=3.386�3.4581� Å

X Y Z

Fe�I� 3f 0.257 �0.25683� 0 0

Fe�II� 3g 0.591 �0.59461� 0 0.5

P�I� 2c 0.333 0.667 0

P�II� 1b 0 0 0.5

TABLE II. Theoretical �PAW-PBE� lattice parameters and atomic positions for bco Fe2P. For reference,
the experimental room temperature values for Fe2P0.75Si0.25 �Ref. 11� are shown in parenthesis.

Position

Space group: Imm2

Lattice parameters

a=6.502�6.533� Å b=10.047�10.3632� Å c=6.022�6.1425� Å

X Y Z

Fe�1� 8e 0.218 �0.219� 0.370 �0.373� 0.359 �0.372�
Fe�2� 4c 0.217 �0.217� 0 0.252 �0.251�
Fe�3� 4d 0 0.701 �0.701� 0.719 �0.725�
Fe�4� 4d 0 0.208 �0.208� 0.146 �0.152�
Fe�5� 2b 0 0.5 0.073 �0.083�
Fe�6� 2a 0 0 0.615 �0.607�
P,Si�1� 8e 0.269 �0.273� 0.334 �0.332� 0.990 �0.976�
P,Si�2� 2b 0 0.5 0.548 �0.517�
P,Si�3� 2a 0 0 0.968 �0.981�
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III. FIRST-PRINCIPLES RESULTS

A. Fe2P

1. Theoretical crystal structure

In the structure optimization, we started from the experi-
mental crystal structures and performed a full lattice relax-
ation within the corresponding space group using the PAW
method and the PBE exchange-correlation approximation.
The obtained theoretical lattice parameters and atomic posi-
tions for the ferromagnetic Fe2P in the hex phase and in the
hypothetical bco phase are listed in the Tables I and II. All
further electronic structure and total energy calculations were
performed using these theoretical data.

In the case of the hex structure �Table I�, the theoretical
internal coordinates agree very well with the experimental
data. At the same time, it is found that PAW-PBE underesti-
mates the a and c hexagonal lattice parameters of Fe2P by
1.1% and 2.1%, respectively. For the bco structure, the de-
viation between the theoretical �Table II� and the experimen-
tal internal parameters are somewhat larger than for the hex
structure. We ascribed this deviation to the fact that the ex-
perimental crystal structure was obtained for Fe2P0.75Si0.25
whereas the present structural relaxation was done without
Si. However, similar to the hex structure, PAW-PBE under-
estimates all three orthorhombic lattice parameters of Fe2P
compared to Fe2P0.75Si0.25. Although Si slightly increases the
equilibrium volume of Fe2P �Sec. III B 1�, the above under-
estimation cannot be accounted for by doping effect alone. It
is more likely that the overbinding is connected with the
accuracy of the exchange-correlation functionals.

In general, all recent gradient level exchange-correlation
functionals yield accurate or slightly overestimated lattice
parameters for metals.57,58 Exceptions are the 3d metals,
where the common approximations underestimate the equi-
librium volume. The effect of the exchange-correlation ap-
proximation on the average Wigner-Seitz radius and bulk

modulus of hex and bco Fe2P is illustrated in Table III. In
these tests, the crystal structures were fixed to the theoretical
results from Tables I and II. The equilibrium properties were
obtained from a Morse type of function59 fitted to the theo-
retical total energies calculated for six different volumes. Re-
sults are shown for PAW and EMTO calculations. We find
that for the equilibrium radius the large LDA errors are effi-
ciently remedied by the PBE gradient correction. The EMTO
method gives wbco�whex, which is in a slight contrast with
the experimental radii from Table III. This discrepancy may
be ascribed to the effect of Si present in the experimental
wbco. The present theoretical bulk modulus for PM hex Fe2P
�161 GPa� is in good agreement with the average room-
temperature experimental data of 169 GPa.26,27 For compari-
son, for the bulk modulus of the nonmagnetic hex Fe2P, us-
ing the PAW-PBE approach, Scott et al.27 obtained 244 GPa
at the theoretical volume and 175 GPa at the experimental
volume. To our knowledge, no experimental bulk modulus is
available for the bco phase.

2. Lattice stability of Fe2P-static conditions

For the structural energy difference between the ferro-
magnetic bco and hex Fe2P, viz. �EFM�Ebco

FM−Ehex
FM, the

PAW-PBE calculations give −0.124 mRy /atom. Using the
LDA approach changes the structural energy difference to
−0.024 mRy /atom. The main reason behind this difference
is the small LDA equilibrium volume compared to PBE or
experimental values �Table III�. We note that an LDA calcu-
lation performed at the PBE volume �not shown� gives simi-
lar structural energy difference as the full PBE.

Based on the above figures, we conclude that at static
conditions density-functional theory predicts the ferromag-
netic bco structure as the stable phase. This finding is in
disagreement with the experimental observation,10 according
to which Fe2P adopts the hexagonal structure for tempera-
tures down to 10 K. There are several possible reasons for

TABLE III. Theoretical and experimental average Wigner-Seitz radii �w in units of Bohr� and bulk moduli
�B in units of GPa� for hex and bco Fe2P in the FM and PM states. The numbers in parentheses are the
deviations �in %� relative to the average experimental values. The theoretical Wigner-Seitz radii were ob-
tained using the EMTO and PAW method, and the theoretical bulk moduli using the EMTO method in
combination with LDA and PBE.

whex wbco Bhex Bbco

EMTO FM LDA 2.606 �−1.33� 2.596 �−2.07� 200.4 233.1

PBE 2.664 �0.87� 2.656 �0.18� 186.8 195.4

PM PBE 2.660 �0.61� 2.657 160.9 �−5.07� 170.0

PAW FM LDA 2.543 �−3.71� 2.544 �−4.04�
PBE 2.618 �−0.87� 2.611 �−1.51�

Expt. FM 2.641a 2.651b

PM 2.644c,d 174e,165f

aFerromagnetic, 85 K Ref. 48.
bFerromagnetic, room temperature Ref. 11.
cParamagnetic, room temperature Ref. 49.
dParamagnetic, 285 K Ref. 48.
eParamagnetic, room temperature Ref. 26.
fParamagnetic, room temperature Ref. 27.
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the above disagreement. First, we note that the resolving
such small structural energy differences requires a very high
numerical accuracy. We should also realize that a barely
stable hexagonal phase would still disagree with the experi-
mental phase diagram �Fig. 1�. Namely, the fact that
Fe2P1−xSix remains in the hexagonal phase up to �8% Si
suggests that the correct energy difference between the two
competing phases should be �0.3 mRy /atom �see Sec.
IV A�. Combined with the present �EFM values, this would
mean that the error in our structural energy difference is
around 0.3–0.4 mRy/atom. This is quite unlikely since PAW
is commonly regarded as having the accuracy of the full
potential all electron methods.46 We recall that the error of
the present PAW total energies is �0.1 mRy /unit cell �i.e.,
�0.01 mRy /atom�.

A possible explanation for the above disagreement be-
tween theory and experiment would be a complex noncol-
linear magnetic structure present in the hex phase at low
temperatures as suggested by Mohn60 and Kobayashi et al.61

This is the topic of further investigations. Finally, we cannot
rule out the possibility that the phonon or the spin quantum
zero-point terms stabilize the hexagonal phase of ferromag-
netic Fe2P. These two effects may be estimated using classi-
cal models based on the calculated equation of state and
density of state and will be discussed in details in Sec. IV A.

In order to establish the lattice stability for the paramag-
netic Fe2P we consider the DLM total energies. Using the
EMTO-PBE approach, for the structural energy difference
between the paramagnetic bco and hex Fe2P, viz., �EPM

=Ebco
PM−Ehex

PM, we obtain 0.865 mRy/atom �note that for the
FM state the PAW and EMTO energy differences are the
same�. That is, within the disordered local magnetic moment
picture the hexagonal structure is calculated to be the stable
phase. This is in line with the experimental observation,10

according to which paramagnetic Fe2P has the hex crystal
structure.

3. Magnetic properties of Fe2P

The theoretical magnetic moments for ferromagnetic and
paramagnetic Fe2P are listed in Table IV. The magnetic mo-

ments on the P sites are due to the polarization effect of the
Fe atoms and they are antiparallel to the Fe moments. Since
for both structures the P moments are negligible, in the fol-
lowing we focus on the Fe moments only. In the case of the
ferromagnetic hex structure, the magnetic moment for
3g-pyramidal Fe�II� site is 2.08 �B and that of the
3f-tetrahedral Fe�I� site is 1.02 �B. The total magnetic mo-
ment per formula unit �hex

FM=3.01 �B. These figures show a
good agreement with the experimental28–30 and former
theoretical9,11,31 data obtained for Fe2P. For instance, Fujii et
al.48 measured 0.92�0.02 �B and 1.70�0.02 �B for the
tetrahedral and pyramidal sites, respectively. The present
magnetic moments are close to 0.89 �B on the 3f site and
1.81 �B on the 3g reported at 10 K for �Fe0.93Ni0.07�2P.62

For the ferromagnetic bco structure, there are six different
Fe magnetic moments belonging to sites
Fe�1�,Fe�2�,…,Fe�6�. Sites Fe�1�, Fe�2�, and Fe�6� possess
smaller magnetic moments compared to Fe�3�, Fe�4�, and
Fe�5�. The largest magnetic moment belongs to site Fe�5�.
The total bco magnetic moment per formula unit is very
close to that in the hex phase, viz., �bco

FM��hex
FM. Similar mag-

netic structure was obtained by Severin et al.11 using the
linear muffin-tin orbitals method. The small differences be-
tween the present magnetic moments and those reported in
Ref. 11 can be ascribed to the employed methods as well as
to the differences between the theoretical structures from
Tables I and II and the experimental counterparts adopted in
Ref. 11.

In the paramagnetic phase, modeled using the DLM ap-
proach, the net magnetic moment per formula unit is zero.
We find that the local magnetic moments disappear on the
3f-tetrahedral site in the hex phase, on the Fe�2� and Fe�6�
sites in the bco phase, and on all P sites. The local magnetic
moments on the other sites have slightly lower values than in
the ferromagnetic phase. Koumina et al.,63 using neutron dif-
fraction measurements, reported an abrupt decrease in the
magnetic moments near the Curie temperature �TC=217 K�.
At 230 K, for the magnetic moments they obtained �0 �B
for the 3f-tetrahedral site and �0.6 �B for 3g-pyramidal
site. This high temperature magnetic structure is well re-
flected by the present DLM results.

TABLE IV. Theoretical �EMTO-PBE� magnetic moments ��B� for FM and PM hex and bco Fe2P. The
paramagnetic phase is modeled using the DLM approach in combination with the EMTO method. The total
ferromagnetic moments per formula unit ��FM� are given in the last row.

hex bco

Site FM PM Site FM PM

Fe�I� 1.02 0 Fe�1� 1.38 0.25

Fe�2� 1.00 0.00

Fe�II� 2.08 1.67 Fe�3� 1.72 1.54

Fe�4� 2.21 1.96

Fe�5� 2.31 2.23

Fe�6� 1.02 0

P�I� −0.10 0 P�1� −0.11 0

P�II� −0.08 0 P�2� −0.10 0

P�3� −0.10 0

�FM 3.01 0 3.01 0
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4. Magnetostructural effect in hex Fe2P

It is interesting to compare the theoretical lattice param-
eters calculated for the ferromagnetic and paramagnetic
states of hex Fe2P and relate them to the magnetoelastic ef-
fect reported by Fujii et al.28 For this test we employ the
EMTO method and the PBE approximation. The theoretical
hexagonal lattice parameters for the FM and PM states of
Fe2P are listed in Table V, where, for comparison, we also
included the PAW-PBE �Table I� values for the FM state and
the experimental ones48,49 for both states. In the EMTO
structural relaxation, first we fixed the internal coordinates to
the PAW-PBE values, then calculated the equilibrium volume
for the fixed lattice and finally obtained the equilibrium c /a
by computing the total energies for seven different c /a val-
ues by keeping the volume and internal positions constant.
Taking into account these approximations, the agreement be-
tween EMTO and VASP, and between EMTO and experimen-
tal lattice parameters for the FM state may be considered to
be reasonable.

In the next step, we repeated the EMTO calculations for
the equilibrium lattice parameters of the PM state by em-
ploying the DLM approximation. Comparing the results ob-
tained for the FM and PM states, we find that the theoretical
equilibrium volume decreases by 0.5% when going from FM
to PM. This change should be compared to the 0.9% ex-
change striction estimated by Fujii et al.28 using Ni2P as a
prototype for the fictitious paramagnetic Fe2P at 0 K.

We find that the theoretical lattice parameter a decreases
by 0.083 Å, whereas c increases by 0.086 Å; upon mag-
netic disordering �Table V�. The changes are much larger
than the experimental discontinuities obtained at TC.28 How-
ever, since the present data contains no thermal effects, in
order to be able to compare them to the experimental struc-
tural changes we need to extrapolate the experimental ferro-
magnetic and paramagnetic lattice parameters to 0 K. For the
thermal expansion coefficients along the a ��a� and c ��c�
axis we use the experimental ferromagnetic and paramag-
netic values reported in Ref. 28. According to these, in the
ferromagnetic phase �a

FM=−4.0�10−5 1 /K and �c
FM=1.4

�10−5 1 /K, whereas the thermal expansion coefficients cor-
responding to the Curie-Weiss region �i.e., above �500 K�

are �a
PM=2.0�10−5 1 /K and �c

PM�0 1 /K. Starting from
the measured lattice parameters48 and assuming a linear tem-
perature dependence, we find that when going from the FM
to the PM state at 0 K, the experimental a decreases by
0.045 Å, and c increases by 0.025 Å. These estimations are
in reasonable agreement with the present theoretical values.

B. Fe2P1−xSix: The effect of Si doping

1. Equilibrium volume

The equilibrium average Wigner-Seitz radii of the hex-
agonal and orthorhombic Fe2P1−xSix were computed using
the EMTO-PBE method. Results are shown in Fig. 2 for both
ferromagnetic and paramagnetic states. The theoretical aver-
age atomic radii exhibit an almost linear increase with x. For
the FM state, the average concentration slopes �dw /dx� are
0.063 and 0.051 Bohr per atomic fraction �Bohr/a.f.� for the
hex and bco structures, respectively. In the PM state, the
increase in w�x� with concentration is somewhat smaller:
0.046 Bohr/a.f. for hex and 0.035 Bohr/a.f. for bco. It is
interesting that the large drop seen between the FM and PM
volumes of the hex phase is not present in the bco phase. In
fact, for x=0, wbco

FM is slightly smaller than wbco
PM, whereas for

x	0.15 we get the opposite trend.
To our knowledge, no direct experimental data is avail-

able for the effect of Si on the equilibrium volume of
Fe2P1−xSix. Using the present concentration slope for the FM
bco phase and the experimental equilibrium Wigner-Seitz ra-
dius of Fe2P0.75Si0.25 �2.65 Bohr, Ref. 10�, for the Wigner-
Seitz radius of the Si-free bco structure we obtain wbco
=2.637 Bohr. This extrapolated value is slightly smaller
than the experimental Wigner-Seitz radius for the Si-free FM
hex phase �2.64 Bohr, Ref. 49�. We recall that within the
PBE approximation both EMTO and PAW methods predict
wbco�whex �Table III�, in perfect agreement with the above
estimate.

2. Site preference and lattice relaxation

The experimentally recorded Mössbauer spectra assumed
a random distribution of Si on the P sites.10 Because of that

TABLE V. Theoretical �EMTO-PBE� hexagonal lattice param-
eters �in units of Å� for Fe2P in the FM and PM states. For com-
parison, the PAW-PBE �Table III� and the experimental values are
also listed.

a c c /a

FM �EMTO� 5.927 3.467 0.585

FM �PAW� 5.802 3.386 0.584

FM �exp.�a 5.877 3.437 0.585

PM �EMTO� 5.844 3.553 0.608

PM �expt.�b 5.868 3.458 0.589

PM �expt.�c 5.868 3.458 0.589

aFerromagnetic, 85 K Ref. 48.
bParamagnetic, 285 K Ref. 48.
cParamagnetic, room temperature Ref. 49.

0 10 20 30 40
at.-% Si

2.65

2.66

2.67

2.68

2.69

w
(B

oh
r)

PM-hexagonal
PM-orthorhombic
FM-hexagonal
FM-orthorhombic

FIG. 2. The effect of Si doping on the equilibrium average
Wigner-Seitz radius of ferromagnetic and paramagnetic hexagonal
and orthorhombic Fe2P1−xSix. The paramagnetic phase is modeled
using the DLM approach in combination with the EMTO method.
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the volume effects discussed in Sec. III B 1 were calculated
by using randomly distributed Si atoms. However, since the
individual volumes around different P sites in the hex �bco�
phase differ by as much as 7.2% �9.6–11.7 %�, a preferential
site occupancy of the Si atoms on one of the P sites cannot be
completely excluded. Recently, Liu and Altounian64 reported
a site preference for Si in hexagonal MnFeP2/3Si1/3. Their
first-principles calculations carried out with the full
potential-linear muffin-tin orbital method showed that Si pre-
fers to occupy the 2c sites rather than 1b ones.

We investigated the effect of site preference for ferromag-
netic Fe2P2/3Si1/3 using the PAW-PBE method. We placed
one Si atom on one of the P�I� or P�II� sites from the hex-
agonal unit cell and two Si atoms on P�1�, P�2�, or P�3� sites
from the orthorhombic unit cell. The total energies obtained
for the fixed underlying lattices �Eu� and for fully relaxed
lattices �Er� are shown in Table VI. For the prior case, we
used the theoretical equilibrium lattices from Tables I and II
and for the latter we performed full structural relaxation. For
the bco phase, there are four equivalent P�1� sites, which

become inequivalent after introducing two Si atoms per unit
cell. The average energy of the resulting three different con-
figurations is denoted by P�1�� in Table VI. We can see that
the difference between different P�1� configurations is very
small and thus in the following we consider only the average
P�1�� energy.

In the hexagonal structure, the P�I� �2c� position turns out
to be more preferable by 1.12 mRy/atom �0.54 mRy/atom for
the unrelaxed structure� than the P�II� �1b� positions. For the
orthorhombic structure, all P�1� �8e� configurations are more
stable than the P�2� and P�3� sites and the average configu-
ration is below the P�2� and P�3� sites by 2.59 mRy/atom
�2.41 mRy/atom for the unrelaxed structure�. For hex
Fe2P2/3Si1/3 the present result is in line with that reported by
Liu et al.64

We note that the site preference for Fe2P2/3Si1/3 is more
pronounced for the bco structure than for the hex structure. It
is highly unfavorable to put Si atoms on the P�2� or P�3� sites
from the bco phase. This finding is consistent with the larger
volume differences between different P sites in the bco phase
compared to those in the hex phase and indicates that no
reliable phase stability can be computed without considering
the nonuniform distribution of Si atoms on P sites. The local
lattice relaxation around the Si atoms keeps the site prefer-
ence unchanged and gives similar relaxation energies for the
two structures. For the stable site occupancy, the total energy
is lowered with relaxation by �0.79 mRy /atom and
�0.73 mRy /atom for the hex and bco lattices, respectively.
Finally, we mention that taking into account the preferential
site occupancy for the Si atoms has a small effect �well be-
low 10%� on the theoretical volume versus composition
slopes �Sec. I�.

3. Magnetic properties

In Table VII, we compare the local magnetic moments for
paramagnetic Fe2P and Fe2P0.6Si0.4. The magnetic structure
corresponds to the equilibrium volume obtained by relaxing
the volume but fixing the b /a ,c /a lattice parameters and the
atomic coordinates to the theoretical values of Fe2P �Tables I
and II�. For each composition, the Si atoms were distributed

TABLE VI. Total energies �mRy/atom� for the unrelaxed �Eu�
and for the relaxed �Er� hexagonal and orthorhombic Fe2P2/3Si1/3.
The position of the Si atom in the hexagonal cell is shown by P�I�
and P�II�, and the positions of the two Si atoms in the orthorhombic
unit cell are shown by P�1�, P�2�, and P�3�. P�1�� stands for the
average of the three energies corresponding to the three different
configurations obtained by placing two Si atoms on the 8e positions
from the bco structure. For both structures the energies are given
relative to the most stable position after relaxation.

Structure Site Eu Er

hex P�I� 0.79 0.00

P�II� 1.33 1.12

bco P�1� 0.95 0.26

1.01 0.41

0.89 0.00

P�1�� 0.95 0.22

P�2�,P�3� 3.36 2.81

TABLE VII. Theoretical �EMTO-PBE� local magnetic moments ��B� for paramagnetic hex and bco Fe2P
and Fe2P0.6Si0.4. The paramagnetic phase is modeled using the DLM approach in combination with the
EMTO method.

hex bco

Site Fe2P Fe2P0.6Si0.4 Site Fe2P Fe2P0.6Si0.4

Fe�I� 0 0 Fe�1� 0.25 0.57

Fe�2� 0.00 0.00

Fe�II� 1.67 1.78 Fe�3� 1.54 1.54

Fe�4� 1.96 2.06

Fe�5� 2.23 2.32

Fe�6� 0.00 0.00

P�I� 0 0 P�1� 0 0

P�II� 0 0 P�2� 0 0

P�3� 0 0
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on the P sites by taking into account the site preference.
We find that for both hex and bco phases, the theoretical

PM moments slightly increase with Si doping. The average
PM moment increases from 1.67 �B �1.71 �B� to 1.78 �B
�1.97 �B� when 40% Si is introduced in hex �bco� Fe2P.
Notice that the difference between �hex

PM and �bco
PM increases

with Si concentration.
The energy difference between the PM and FM phases

��Emag�x�=EPM�x�−EFM�x�� of the hex and bco Fe2P1−xSix is
plotted in Fig. 3 as a function of x. In the simplest approxi-
mation, the magnetic energy can be related to the magnetic
transition temperature. Thus, increasing �Emag�x� with Si
concentration suggests increasing TC�x�, which is in accor-
dance with the experiment.10 On the other hand, the normal-
ized slope of �Emag�x� turns out to be significantly smaller
than the normalized slope of TC�x�. For instance, for the
hexagonal phase we get d�Emag�x� /dx /�Emag�0��0.33
compared to dTC�x� /dx /TC�0��5.69.10 Furthermore, the

magnetic energy is about 20% larger for the bco than for the
hex structure, suggesting somewhat larger transition tem-
perature in the bco phase.

4. Lattice stability of paramagnetic Fe2P1−xSix-static conditions

Since for FM state theory predicts the bco structure to be
the stable phase, it is beyond reason to discuss how the lat-
tice stability is influenced by alloying for this magnetic state.
Alternatively, one could focus on the PM state, for which the
EMTO-PBE method in combination with the DLM approach
predicts the hex structure to be the stable phase of Fe2P and
investigate how the structural energy difference ��EPM�x�
=Ebco

PM�x�−Ehex
PM�x�� varies with Si addition. The composition

dependence of �EPM�x� is shown in Fig. 4. The structural
energy difference was computed from the volume relaxed
total energies and taking into account the site preference but
neglecting the local lattice relaxations �i.e., using rigid lat-
tices�.

We find that for paramagnetic Fe2P1−xSix, the hex total
energy remains below the bco total energy up to �23% Si.
According to that, at static condition the stability field of the
hex phase is located below and that of the bco phase above
x�0.23. This is consistent with the experimental result.10,12

On the other hand, using the common tangent technique, we
find that at low temperature the present theory predicts a
wide two phase field between the hex and bco phases �Fig. 4,
inset, solid lines�, compared to the negligible miscibility gap
found in experiment.10 According to Jernberg and co-
workers, in Fe2P1−xSix the structural transformation takes
place within �20 K, which corresponds to �1% Si wide
two phase field as estimated from Fig. 1. We note that in Ref.
12 the width of the two phase field was estimated to be
somewhat larger ��7% Si�. Although the temperature depen-
dent terms in the free energy �e.g., the configurational en-
tropy� reduce the width of the theoretical miscibility gap, the
above contradiction cannot be explained merely by thermal
effects �Sec. IV C�.

IV. DISCUSSION

In the previous section, we presented the structural and
magnetic properties calculated from first-principles theory
for ferromagnetic and paramagnetic Fe2P and Fe2P1−xSix. In
the following, first we estimate the zero-point phonon and
magnetic energy contribution to the phase stability of ferro-
magnetic Fe2P. Next, we discuss the electronic structure ori-
gin of the effect of Si on the structural energy difference and
briefly comment on the possible thermal effects on the phase
stability of paramagnetic Fe2P1−xSix.

A. Zero-point energies

In contrast to the observation, theory �PAW-PBE� predicts
that the ferromagnetic bco structure has by ��EFM�
=0.124 mRy /atom lower total energy than that of the hex
structure �Sec. III A 2�. A plausible explanation for the above
disagreement would be the zero-point phonon vibration term
��Eph

zp�. Using the expression
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FIG. 3. Energy difference between the paramagnetic and the
ferromagnetic phases of the hex and bco Fe2P1−xSix as a function of
Si content. The energies were calculated using the EMTO-PBE ap-
proach and the paramagnetic phase was modeled using the DLM
approach.
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�Eph
zp �

9

8
kB�
D

bco − 
D
hex� �1�

�kB is the Boltzmann constant� a difference of �
D=
D
bco

−
D
hex�18 K between the bco and hex Debye temperatures

would be enough to overcome the calculated total energy
difference between the two ferromagnetic structures. The
Debye temperature may be estimated from the bulk param-
eters as


D =
h

kB
	4�

3

−1/6

F���	wB

M

1/2

, �2�

where h is the Planck constant, � the Poisson ratio �here we
assume �hex=�bco=0.33�, M average atomic mass, w the
Wigner-Seitz radius, and B the bulk modulus. The function
F��� is defined in Ref. 65. Equation �2� in combination with
the calculated bulk parameters from Table III yields �
D
�12 K, which is below the minimum value of 18 K needed
to stabilize the hex phase.

On the other hand, close to zero temperature, the Si-doped
system remains in the hexagonal phase up to �8% Si.10

Using the mixing enthalpy versus composition slope calcu-
lated for the ferromagnetic structures �not shown�, we find
that in Si-free system the total energy of the hex phase
should be by �0.27 mRy below that of the bco phase. This
energy difference combined with the present �EFM would
require �Eph

zp �0.394 mRy or �
D�54 K, which repre-
sents about 13% of the experimental Debye temperature of
FM Fe2P �420 K, Ref. 66�. This is an unusually large differ-
ence between the Debye temperatures of systems with simi-
lar chemical bonding,67 making it unlikely that the zero-point
phonon term by itself is responsible for the stability of the
hex phase. We should also mention, however, that very large
�
D /
D may arise if one of the competing structures �in our
case the hex structure� is barely stable dynamically.39

In magnetic materials, the zero-point spin fluctuation term
should also be considered when calculating the lattice stabil-
ity at 0 K. For both crystal structures, there is a peak in the

density of states �DOS� near the Fermi level �EF� �Fig. 5�
indicating that Fe2P is a weak ferromagnet. Namely, for the
hex phase the nonmagnetic �NM� DOS is N�EF�
=24.1 states /Ry compared to 20.8 states/Ry obtained for the
PM state. The above figures for the bco phase are 24.5
states/Ry and 22.3 states/Ry for the NM and PM states.
Within the Stoner model, the magnetic susceptibility of a
weak ferromagnet is given by68

 =
3�B

2 N�EF�
�2c

, �3�

where �= �n↑−n↓� /n is the relative magnetization �n=n↑

+n↓, n↑ and n↓ being the spin occupation numbers� and

c = −
1

8

n2

N�EF�2�N�EF��
N�EF�

− 3�N�EF��
N�EF� 2� , �4�

where � and � stand for first- and second-order energy de-
rivatives, respectively. From the self-consistent DOS of NM
Fe2P, we have N�EF�bco�N�EF�hex, N�EF�bco� �−8.1
�N�EF�hex� , and N�EF�bco� �1.2�N�EF�hex� , yielding hex
�1.8bco. Since −1 gives the second order derivative of the
magnetic energy near the equilibrium magnetic moment, we
obtain that the hexagonal structure is magnetically softer
than the bco structure. Accordingly, the zero-point spin
fluctuations69–72 are expected to stabilize the hex phase rela-
tive to the bco phase.

In order to estimate the zero-point spin fluctuation energy
contribution to the structural energy difference ��ESF

zp � we
employ the expression proposed by Solontsov et al.70,72

ESF
zp �

3

4�
��SF ln

�SF
2 + �c

2

�SF
2 , �5�

where �=h /2�. The characteristic frequency of the spin
fluctuation �SF is obtained from the magnetic susceptibility 
and the magnetic relaxation rate ���SF=��, and the cutoff
frequency �c is taken from experiments.71 For the present
purpose, we use the approximations ��SF�−1�B

2 and ��c
�kBTmelt.

72 Taking the lower limit for the cutoff frequency
�c=�c

min ��c
min�kBTmelt /� with Tmelt from Ref. 73� gives

�ESF
zp �0.3 mRy /atom, whereas �c=2�c

min results in �ESF
zp

�0.5 mRy /atom. That is, the zero-point quantum spin fluc-
tuation term could indeed stabilize the hexagonal phase of
Fe2P at low temperature. For a final conclusion, however,
more accurate values for the characteristic frequencies and
cut-off frequencies are needed.

B. Chemical effect of Si

The structural change from Fig. 4 has mainly chemical
origin and can be understood by monitoring the total energy
components of paramagnetic Fe2P1−xSix alloys. According to
the simple picture of the metallic bonds,74 the crystal struc-
ture is determined by the balance of the Madelung and the
Peierls terms. The prior gives the electrostatic energy and the
latter is connected to the change in the one-electron energy
upon lattice distortion. More generally, the Peierls term in-
cludes all electronic structure changes �not necessarily sym-
metry lowering deformations� that lead to the decrease of the
kinetic energy.
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Within a simple approximation,75 the Madelung term is
proportional to �1.8−�M�, where �M is the Madelung con-
stant of the lattice. Accordingly, when �M decreases the elec-
trostatic energy increases. In our case, �hex

M =1.7720 and
�bco

M =1.7739. Hence, the average electrostatic energy of Fe2P
should be slightly smaller in the bco phase than in the hex
phase. In other words, the Madelung term favors the bco
phase. Indeed, the total electrostatic energy for the paramag-
netic hex Fe2P is −3779.227270 Ry /atom compared to
−3779.243642 Ry /atom obtained for the paramagnetic bco
phase. On the other hand, we find that the kinetic energy
�plus the exchange-correlation term� is smaller for the hex
phase �1854.099890 Ry/atom� than for the bco phase
�1854.117127 Ry/atom�. The difference between the kinetic
�one-electron� energies is also reflected in the total density of
states for the hex and bco structure �Fig. 5, open symbols�. In
particular, the DOS at the Fermi level is smaller for the hex
phase than for the bco phase.

Silicon doping changes the bonding in such a way that the
kinetic �plus exchange-correlation� energy decreases, i.e.,
both structures become more stable kinetically. This effect is
more pronounced for the hex structure than for the bco struc-
ture, which is represented in increasing kinetic-energy differ-
ence from 17.238 mRy/atom to 18.401 mRy/atom upon 40%
Si addition. The electrostatic energy shows the opposite
trend: for both structures the electrostatic energy increases
with Si doping. This is in line with the observation that
the average interstitial charge density decreases by
0.002273 electron /a.u.3 for the hex structure and by
0.001836 electron /a.u.3 for the bco structure when 40% Si
is added to Fe2P �note that Si has less number of electrons
than P�. Since the above change is more pronounced for the
hex structure, the difference between the bco and hex elec-
trostatic energies changes from −16.373 mRy /atom corre-
sponding to Fe2P to −19.123 mRy /atom obtained for
Fe2P0.6Si0.4. Hence, the electrostatic destabilization effect of
Si is larger in the hex structure than in the bco structure,
which together with the kinetic energy change leads to the
stabilization of the bco phase against the hex phase with Si
addition.

C. Temperature effects

In this section, we briefly discuss the effect of temperature
on the phase stability of paramagnetic Fe2P1−xSix. Since no
accurate phonon spectra was established, these results are
mainly intended to give a qualitative estimate how the tem-
perature affects the stability field of the hexagonal and ortho-
rhombic phases.

Before turning to the phonon contribution and to the elec-
tronic and magnetic entropy terms, we first briefly discuss
the effect of the mixing entropy. The configurational entropy
�Sc�, calculated within the mean-field approximation, has no
effect on the structural free energy difference �Fbco−Fhex� but
slightly reduces the width of the two phase field. As an ex-
ample, in inset of Fig. 4 we show the mixing enthalpy minus
T�Sc for hex and bco phases at T=700 K. We find that at
this temperature, the configurational term increases the sta-
bility range of the hexagonal Fe2P1−xSix from x=0 to x

�0.10. However, the miscibility gap between the hex and
bco phases still remains large, in disagreement with the
observation.10 Assuming that the present mixing enthalpies
from the inset of Fig. 4 represent the correct density func-
tional result for Fe2P1−xSix, it is clear that further thermal
effects are needed to resolve the above discrepancy between
theory and experiment.

The phonon free energy may be estimated using the De-
bye model with the characteristic temperature given in Eq.
�2�. In general, smaller Debye temperature corresponds to
softer lattice and to larger vibrational terms in the free
energy.67 For paramagnetic Fe2P1−xSix with 0�x�0.4, we
have wbco

PM�whex
PM �Fig. 2�. The calculated bulk modulus of the

hex �bco� phase, on the other hand, increases from 161 GPa
�170 GPa� to 175 GPa �181 GPa� as the Si content increases
from zero to 40%. Hence, the trend of the bulk modulus
turns out to be the dominant term in the Debye temperature,
yielding 
D

hex�
D
bco for all x values considered here �Fig. 6�.

That is, the phonon vibration stabilizes the hexagonal struc-
ture against the orthorhombic structure. This stabilization ef-
fect is in fact responsible for the broadening of the stability
field of the hexagonal phase with increasing T �Fig. 1�. On
the other hand, the difference between 
D

hex and 
D
bco de-

creases with Si addition �Fig. 6, inset�, which means that the
phonon contribution to the stability of hex Fe2P1−xSix re-
duces with x.

For a quantitative estimate of the phonon free energy, we
make use of the high-temperature expansion of the phonon
free energy.76,77 According to that the phonon vibration con-
tribution to the bco-hex free energy difference may be ap-
proximated as

�Fph�T� � 3kBT

D

bco − 
D
hex


D
bco . �6�

The present results for �Fph�T� are listed in Table VII for
x=0 and x=0.4 at T=700, 800, and 900 K. Compared to the
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FIG. 6. Theoretical �EMTO-PBE� Debye temperatures of para-
magnetic hex and bco Fe2P1−xSix plotted as a function of Si content.
In inset, the Debye temperature difference �
D=
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D
hex is

shown.
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internal energy difference from Fig. 4, the present �Fph�T�
values turn out to be rather significant. For example, by in-
cluding �Fph�700 K� in the free energy difference between
the bco and hex phases shifts the concentration, where
�Fbco−Fhex� crosses zero from x�0.23 �Fig. 4� to x�0.3.
The above estimate clearly demonstrates that no accurate
phase stability study of Fe2P1−xSix can be performed without
properly accounting for the phonon contributions to the free
energies of the hex and bco phases.

Going beyond the above simple Debye model requires the
determination of the phonon spectra for the hex and bco
structures as a function of Si concentration. This is an enor-
mous task, especially for the paramagnetic phase and it is
beyond the reach of the present ab initio tools. Based on the
present results for the free energy differences obtained for
rigid lattices, we suggest that the experimentally observed
unusually narrow transition zone between the hex and bco
phases is due to the soft modes in the phonon spectrum of
the hexagonal structure. Note that soft phonon modes would
also support the idea that the hex phase of Fe2P is barely
stable �Sec. IV A�.

The electronic entropy may be calculated using the
approximation67 Se� 2�2

3 N�EF�kB
2 T, and the corresponding

contribution �Fe=−T�Sbco
e −Shex

e � to the free energy differ-
ence between the bco and hex phases is given in Table VII
for x=0 and x=0.4 and for temperatures T=700, 800, and
900 K. We find that the electronic entropy has a bco stabi-
lizing effect in Fe2P, which is slightly diminished with Si
addition.

The effect of the magnetic entropy in the PM state may be
estimated using the mean-field approximation Sm

=kB�iln��i+1� ��i is the magnetic moment for site i� valid
for a completely disordered magnetic state.76 The magnetic
free energy term �Fm=−T�Sbco

m −Shex
m � calculated using the

moments from Table VII, is shown in Table VIII for x=0 and
x=0.4 and T=700, 800, and 900 K. Since the DLM moments
are somewhat larger for the bco structure than for the hex
structure, the magnetic entropy always stabilizes the bco
phase. The effect is small �below −0.1 mRy /atom� for Fe2P
but increases significantly with Si addition.

Summing up the phonon vibration, the electronic and
magnetic entropy terms, we find that in paramagnetic Fe2P
the thermal effects stabilize the hex phase by
�0.18 mRy /atom at 700 K and by �0.21 mRy /atom at
900 K. However, this effect is gradually diminished with Si
addition and changes sign around 20–25 % Si and T
�700 K �i.e., still within the stability field of the hex

phase�. When 40% Si is added, the total thermal effect favors
the bco phase by −0.13 mRy /atom at 700 K and
−0.19 mRy /atom at 900 K.

V. CONCLUSIONS

Using the EMTO and PAW methods, we have investi-
gated the bulk properties of hexagonal and orthorhombic
Fe2P1−xSix as a function of Si content. For Si free systems,
the present theoretical hexagonal and orthorhombic crystal
structures are in good agreement with the former experimen-
tal data. We find that the shape and the volume of the hex-
agonal unit cell changes upon ferromagnetic-paramagnetic
transition, in good agreement with the experiments. In the
ferromagnetic state, theory predicts the bco structure to be
slightly more stable than the experimentally observed hex
structure. We ascribe this discrepancy either to a barely
stable hex structure �with soft phonon modes� or to zero-
point quantum spin fluctuations. In the paramagnetic state,
modeled using the DLM picture, the hexagonal structure is
calculated to be the stable phase, in line with the observa-
tions.

Silicon addition increases the equilibrium volume of Fe2P
in an almost linear manner. We find that in the ferromagnetic
state, the Si atoms prefer the P�I� site from the hex structure
and the P�1� site from the bco structure. The Si site prefer-
ence turns out to be significant for both structures, contra-
dicting to the uniform site distribution assumed in experi-
ments. The calculated magnetic moments for both magnetic
states are in good agreement with the experimental and
former theoretical values. The energy difference between the
ferromagnetic and paramagnetic �DLM� state increases with
Si, indicating increasing transition temperature within both
crystallographic phases.

The experimentally observed hex-bco crystallographic
phase transition is reproduced by the theoretical calculations
performed for the paramagnetic state. However, in contrast
to the observations, the present theoretical phase transition
occurs through a wide two phase field. This deviation might
be due to the softening of the hexagonal lattice with Si ad-
dition, not accounted for by the present calculations. Using
simple models, we have estimated the thermal effects on the
phase stability. Phonon vibrations are found to favor the hex-
agonal structure, whereas the electronic and magnetic en-
tropy stabilize the bco phase. The total thermal effect
changes sign around 20–25 % Si. The present theoretical
results and the slight disagreement between the theoretical

TABLE VIII. Phonon vibration ��Fph�, electronic entropy ��Fe�, and magnetic entropy ��Fm� contribu-
tions to the free-energy difference between the paramagnetic hex and bco Fe2P1−xSix. Energies are listed in
mRy/atom for x=0 and x=0.4, and for temperatures T=700, 800, and 900 K.

T

�Fph �Fe �Fm

Fe2P Fe2P0.6Si0.4 Fe2P Fe2P0.6Si0.4 Fe2P Fe2P0.6Si0.4

700 0.35 0.16 −0.11 −0.05 −0.06 −0.24

800 0.41 0.18 −0.14 −0.07 −0.06 −0.28

900 0.46 0.20 −0.18 −0.08 −0.07 −0.31
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and experimental properties of Fe2P1−xSix call for further
more accurate experimental as well as theoretical investiga-
tions.
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We report on the synthesis and structural characterization of the magnetocaloric FeMnP0.75Si0.25

compound. Two types of samples (as quenched and slowly cooled) were synthesized and character-
ized structurally and magnetically. We have found that minute changes in the degree of crystallo-
graphic order causes large changes in the magnetic properties. The slow-cooled sample, with higher
degree of order is antiferromagnetic. The as-quenched sample has a net moment of 1.26 µB per
formula unit and ferrimagnetic behavior. Theoretical calculations give rather large values for the Fe
and Mn magnetic moments, both when occupied on the tetrahedral and the pyramidal lattice site.

PACS numbers: 75.30.Sg, 71.23.–k, 75.30.Cr, 81.40.Rs

I. INTRODUCTION

Compounds based on Fe2P gain increased interest due
to a possible application in magnetocaloric refrigera-
tion. Recent publications by Brück et al.[1, 2], Dag-
ula et al. [3] and Cam Thanh et al. [4] reported
huge magnetocaloric effects close to room temperature in
FeMnP1−xAsx, FeMnP0.5As0.5−xSix, and FeMnP1−xSix,
respectively. The compound FeMnP1−xSix is of particu-
lar interest since it consists of non-toxic elements. One
drawback of FeMnP1−xSix as regard applications is a
strong thermal hysteresis when undergoing its first or-
der para- to ferromagnetic phase transition.

The Fe2P compound has been intensely studied during
the last five decades. Fe2P crystallizes in a hexagonal
structure with space group D3

3h (P6̄2m) [5].
The iron atoms occupy two different crystal sites, the

3f-site with four phosphorus atoms surrounding one iron
atom (referred to as type-I or tetrahedral site) and the 3g-
site with 5 phosphorus atoms surrounding one iron atom
(referred to as type-II or pyramidal site). The phospho-
rus atoms occupy two dissimilar sites: 2c (type-I) and
1b (type-II). Each Fe(1) site is surrounded by two P(1)
and two P(2) atoms whereas Fe(2) is surrounded by four

∗Electronic address: matthias.hudl@angstrom.uu.se

FIG. 1: Fe2P structure with iron atom positions Fe(1) (dark
grey) and Fe(2) (black), and phosphorus atom positions P(2)
(light grey) and P(1) (white).

P(1) atoms and one P(2) atom (Fig. 1). As regard the
magnetic properties Fe2P undergoes a first order para- to
ferromagnetic phase transition with a Curie temperature
of TC ≈ 216 K (see e.g. Wäppling et al. [6], Fujii et al.
[7], and Lundgren et al.[8]). It is worth to notice that
prior to this investigation structural and magnetic stud-
ies on (Fe1−yMny)2P and Fe2P1−xSix were published by
Srivastava et al. [9] and Jernberg et al. [10]. Due to its
interesting magnetic properties, Fe2P has also attracted
theoretical interest, e.g. as revealed in Refs. [11, 12]. An
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explanation for the occurrence of a first order transition
in Fe2P is given by Yamada and Terao [13].

A tentative phase diagram for FeMnP1−xSix is sug-
gested by Cam Thanh et al. [4] and indicates a phase
transition from orthorhombic to hexagonal structure for
a silicon content of approximately x = 0.25. In spite
of many previous studies, the importance of the iron to
manganese ratio as well as the distribution of those atoms
within the Fe2P structure remains unexplored. In our
study the magnetic, structural and electronic properties
of the FeMnP0.75Si0.25 alloy have been investigated, using
XRD, Mössbauer spectroscopy, and magnetic measure-
ments combined with theoretical calculations. We ob-
serve a significant, but reversible, difference in the mag-
netic order depending on the heat treatment protocol.
The change in the magnetic order is supposedly caused
by the degree of crystallographic order of iron and man-
ganese atoms.

II. EXPERIMENTAL DETAILS AND METHODS

The FeMnP0.75Si0.25 sample was prepared by a drop
synthesis method using a high frequency induction fur-
nace [14]. The synthesis was done under argon atmo-
sphere and temperatures of approx. 1350 ◦C. The raw
sample was directly taken from the cooled melt and in-
vestigated by X-Ray diffraction (XRD). Thereafter some
phosphorus was added and the fabricated material was
annealed for 10 days at 1000 ◦C. All subsequent heat
treatments did not involve changes in the element com-
position.

The XRD measurements were performed using a fo-
cusing Bragg-Brentano type powder diffractometer with
CuKα1 radiation. The magnetic properties of all sam-
ples were investigated by means of DC magnetization
measurements mainly using a commercial vibrating sam-
ple magnetometer (Quantum Design PPMS). Zero field
cooled (ZFC) and field cooled (FC) measurement proto-
cols for different fields were applied. The nomenclature
of our samples is as follows: sample A synthesized and
quenched, sample B annealed and slowly cooled, sam-
ple C remelted and quenched, and sample D annealed
and slowly cooled. The remelting was done using an
arc melting furnace. Mössbauer spectra were recorded
at room temperature and 77 K in the absorption mode
with constant-acceleration drive and a 57CoRh source.
All samples A, B, C, and D were characterized by mag-
netization measurements, sample C and D were charac-
terized by Mössbauer spectroscopy.

The electronic structure and total energy calculations
were performed using the exact muffin-tin orbital method
(EMTO) [15–18] in combination with the coherent poten-
tial approximation (CPA) [19, 20]. The EMTO method is
an improved screened Korringa-Kohn-Rostoker method,
where the one-electron potential is represented by large
overlapping muffin-tin potential spheres. By using over-
lapping spheres, one describes more accurately the crys-

tal potential, when compared to the conventional non-
overlapping muffin-tin approach. Further details about
this method can be found in [15–18]. The EMTO-CPA
approach has been applied successfully in the theoretical
study of random Fe-based alloys [21], simple and transi-
tion metal alloys, as well as Hume-Rothery systems.

During the self-consistent calculations, we adopted the
generalized gradient approximation by Perdew-Burke-
Ernzerhof (PBE) [22]. The total energy was com-
puted via the full charge density technique [17, 23] us-
ing the revised PBE for metallic bulk and surface sys-
tems (PBEsol) [24]. With this approach, the deviation
between the theoretical and experimental Wigner-Seitz
radii is less than 0.1 %.

Calculations were carried out for three different phases
of FeMn0.75Si0.25. We considered two ordered phases:
one with Mn atoms occupying the pyramidal (high mo-
ment) positions and one with Mn atoms occupying the
tetrahedral (low moment) position. These structures are
labeled as ”Mn-pyramidal” and ”Fe-pyramidal”, respec-
tively. In the third case, the Mn and Fe atoms are ran-
domly distributed on the two Fe positions from the Fe2P
structure. This phase is referred to as ”Disordered”. We
assumed that all these phases have the hexagonal Fe2P
structure. The internal positions and lattice parameters
were taken from Carlson et al. [25].

III. RESULTS AND DISCUSSION

A. X-ray diffraction

The X-ray data at room temperature yielded a hexag-
onal Fe2P-type structure with unit cell dimensions a =
5.973 Å, and c = 3.498 Å for the annealed, slowly-cooled
sample (B) (Fig. 2 a). The unit cell dimensions for the
quenched sample were a = 5.974 Å, and c = 3.493 Å.
A weak cubic-structure with cell dimension a = 5.653
Å was detected in the raw synthesized material (sample
A), possibly of Fe3Si type. In order to eliminate this frac-
tional phase and to compensate a possible loss of phos-
phorus during the synthesis some phosphorus was added
and the sample was annealed. After the annealing no
trace of the Fe3Si impurity phase could be deduced from
the XRD data. A composition analysis carried out using
an electron probe micro-analyzer (WDS-EPMA) as well
as energy dispersive spectroscopy (EDS) indicates an ex-
cess of iron to manganese with a Fe/Mn ratio of ∼ 1.24
and a composition Fe1.1(1)Mn0.9(1)P0.7(1)Si0.2(1) with the
relative error bars derived after averaging over numerous
measurements. In addition, our analysis revealed a new
impurity phase, consisting of Fe and Si, which amounts
to ∼ 5 % of our sample . This impurity phase is also
observed in the XRD dataset and was determined to be
of FeSi type.
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FIG. 2: (Color online) XRD patterns of a) an slowly cooled
and b) an as-quenched FeMnP0.75Si0.25 sample. The blue
lines mark the indexed peaks of the FeMnP0.75Si0.25 phase.

B. Mössbauer measurements

The quenched sample (C) and the slowly-cooled sam-
ple (D) were probed by Mössbauer spectroscopy at room
temperature and 77 K. The distribution of iron atoms on
the two inequivalent atomic positions Fe(1) and Fe(2) was
investigated. In a Fe2P structure the pyramidal Fe(2)
site is preferentially occupied by the less electro-negative
atom and for small differences in the electronegativity by
the atom with larger radius [26]. For FeMnP the tetra-
hedral site is occupied by iron and the pyramidal site by
manganese [9]. In the case of FeMnP0.75Si0.25 with the
same stoichiometric number of iron and manganese atom
one therefore would expect the iron atoms to be on the
tetrahedral site and the manganese atoms on the pyra-
midal site. The spectral intensities from the Mössbauer
analysis are modified from the site abundances due to
the differences in the recoil free factor f and due to the so
called thickness effect. For Fe2P different Debye temper-
atures, ΘD(Fe(1)) = 383(6) K and ΘD(Fe(2)) = 324(9)
K [10] have been found. Using these values the following
f- factors can be calculated f1(300K) = 0.75, f2(300K) =
0.67, f1(77K) = 0.89 and f2(77K) = 0.86.
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FIG. 3: (Color online) Room temperature Mössbauer spectra
of FeMnP0.75Si0.25. Spectrum a) corresponds to the quenched
sample and spectrum b) to the slowly-cooled sample. The
shaded doublets emanate from the pyramidal coordinated
Fe(2) site.

1. Room temperature Mössbauer spectra

In Fig. 3 the room temperature spectra are presented
together with the fittings. The isomer shifts δ(mm/s)
vs. α-Fe at 295 K and electric quadrupole splittings
∆(mm/s) do not change significantly between the two
spectra, being (δ,∆) = (0.27(1), 0,24(1)) for Fe(1) and
(0.55(1),0.53(1)) for Fe(2), respectively. These values are
very close to the values found for pure hexagonal Fe2P
and in the hexagonal part of the system Fe1−zMnzP [9].
The Fe(2) spectral intensity for the quenched sample (C)
is found to 18(1) %, while the slowly cooled sample had
an Fe(2) intensity of 13(1) %. In the present case the
thickness effect for the two room temperature spectra
can be assumed to be very similar since the total ab-
sorbance is almost the same (same Mössbauer thickness)
and also due to that the lines emanating from Fe(1) and
Fe(2) are not well resolved. Modifying the spectral in-
tensities by the difference in f-factors give the following
Fe(2) site abundances 20(1) % for sample C and 14(1) %
for sample D.
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FIG. 4: Mössbauer spectra recorded at 77 K for
FeMnP0.75Si0.25, quenched and slowly cooled. The light grey
sub-pattern emanates from Fe(2) atoms and the dark grey
sub-pattern from Fe(1) atoms.

2. Mössbauer spectra at 77 K

In Fig. 4 the spectra recorded in the magnetically
ordered regime are displayed together with the fittings.
For sample D one Fe(1) sub-spectra and three Fe(2) sub-
spectra were needed to get reasonable fits, while for sam-
ple C three Fe(1) and two Fe(2) sub-spectra were needed.
The average isomer shift values for the Fe(1)- and Fe(2)-
sub-spectra were 0.40(2) mm/s and 0.62(2) mm/s for
both samples. These values are in good agreement with
the values 0.41(1) and 0.66(1) found for pure Fe2P [10].
The Fe(2) spectral intensities were found to be 20(1) %
and 15(1) % for sample C and sample D, respectively.
Modifying these spectral intensities due to the difference
in the f-factors give the Fe(2) site abundances to be 20
(1) % and 15(1) % for the sample C and D, respectively.
The 295 K and 77 K site abundances are thus in good
agreement. The magnetic hyperfine field distributions
are presented in Fig. 5. In that figure the magnetic
fields have been converted into magnetic moments using
the conversion factor 10 T/µB found for pure Fe2P by
Eriksson et al. [11]. The Fe(1) distribution sharpens
markedly in the slowly cooled sample as compared to the
quenched sample. The average Fe magnetic moment for
Fe(1) and Fe(2) are 0.79 µB and 1.9 µB for the slowly
cooled sample D and a bit larger 0.95 µB and 2.1 µB for
the quenched sample C.
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FIG. 5: The relative Fe magnetic moment population proba-
bilities for FeMnP0.75Si0.25, quenched and slowly cooled sam-
ples. The conversion factor 10 T/µB has been used in con-
verting the magnetic hyperfine fields into magnetic moments.
Grey distributions emanates from Fe(1) and hatched distri-
butions from Fe(2) atoms.

C. First-principles calculations

Figure 6 shows the calculated total energies as a func-
tion of the lattice parameter a (for fixed c/a=0.5894)
for three different phases: Mn-pyramidal, Fe-pyramidal
and Disordered. We find that the Mn-pyramidal phase
has the lowest energy for all volumes (lattice parame-
ters). This is in line with the experimental observation,
namely that Mn atoms preferentially occupy the high
moment site. The energy difference between the consid-
ered phases is rather significant (5-10 mRy/site). The
Mn pyramidal phase has a shallow energy minimum for
lattice constants around 5.95 Å, whereas our experimen-
tal value is 5.97 Å for the hexagonal FeMnP0.75Si0.25.
During the calculations the systems were kept in the high
moment state. This was possible for a > 5.87 Å, but for
a < 5.87 Å a drop in the calculated total magnetic mo-
ments per formula unit can be seen (Fig. 7), due to what
is known as the magneto-volume effect. Decreasing mag-
netism for lower volumes is a consequence of the competi-
tion between kinetic energy of the electron states, which
is always lower for a spin-degenerate system, and the
exchange energy, which is lower for a spin-polarized sys-
tem. With decreasing volume the band-width becomes
broader, and consequently the kinetic energy becomes
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FIG. 6: Total energy per site for ordered and disordered
phases of hexagonal FeMnP0.75Si0.25 as functions of the lat-
tice parameter (c/a=0.5894). The ordered phases, correspond
to the Mn atom occupying the pyramidal (high moment) and
tetrahedral (low moment, labeled Fe pyramidal) positions, re-
spectively. In the disordered phase the two positions are ran-
domly occupied by Mn and Fe atoms. The dashed vertical
line indicates the experimental ’a’ lattice parameter.

the dominating term in the total energy. Hence, lower
volumes favor the spin-degenerate state with vanishing
magnetic moment. The competition between kinetic and
exchange energy depends intricately on the details of the
electronic structure and since the three phases considered
in the calculations have different electronic structures,
the transition to a spin-degenerate state (not shown) is
different for them. The site projected magnetic moments
of the Fe and Mn atoms are displayed in Fig. 8 for the
Disordered phase and in Fig. 9 for the Mn-pyramidal
and Fe-pyramidal phases. For the Disordered phase, we
observe that for a > 5.87 Å all moments are ferromag-
netically coupled, but for a < 5.87 Å the Mn moment on
the tetrahedral site couples antiferromagnetically to the
other moments. Notice that the above transition from
ferromagnetic to antiferromagnetic coupling occurs at a
volume lower than the experimental volume. The same
behavior is actually exhibited by the Fe-pyramidal phase
(Fig. 9, squares), where the Mn moment on the tetrahe-
dral site changes from parallel to antiparallel alignment
with decreasing volume. However, for the Mn-pyramidal
phase the moments are always ferromagnetically aligned
(Fig. 9, circles). This phase corresponds to Mn atoms
occupying the high moment site, with Mn moments ap-
proaching 3 µB/atom. In the Fe-pyramidal phases the
Mn moments are always lower than in the Mn-pyramidal
phase, and it is tempting to explain the stabilization of
the Mn-pyramidal phase to be due to the exchange en-
ergy of the larger Mn moment in the pyramidal site.
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FIG. 7: Ordered magnetic moments per site for ordered and
disordered phases of hexagonal FeMnP0.75Si0.25 as functions
of the lattice parameter (c/a=0.5894). The ordered phases,
correspond to the Mn atom occupying the pyramidal (high
moment) and tetrahedral (low moment, labeled Fe pyrami-
dal) positions, respectively. In the disordered phase the two
positions are randomly occupied by Mn and Fe atoms. The
dashed-dotted vertical line indicates the experimental ’a’ lat-
tice parameter.
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FIG. 8: The site-projected moments of the disordered phases
of FeMnP0.75Si0.25 as a function of the lattice parameter
(c/a=0.5894). The dashed vertical line indicates the experi-
mental ’a’ lattice parameter.

D. Magnetization measurements

Results of DC magnetization measurements on the as-
quenched sample (C) and slowly-cooled sample (D) are
shown in Fig. 10. The as-quenched sample (C) shows a
broad para- to ferromagnetic phase transition at approx.
250 K accompanied by strong thermal hysteresis. The
observed thermal hysteresis is an indicator of a first order
nature of the phase transition.
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FIG. 10: (Color online) Magnetic susceptibility vs. temper-
ature for FeMnP0.75Si0.25 measured on the quenched sample
in an applied field of ∼4 kA/m (black circles) and on the an-
nealed sample under an applied field of ∼40 kA/m. The open
symbols indicate measurements using a zero field cold (ZFC)
protocol and the filled symbols using a field cooled (FC) pro-
tocol.

The susceptibility vs. temperature curve for the
slowly-cooled sample (D) shows a para- to antiferromag-
netic phase transition at approx. 160 K. Below the max-
imum signaling the antiferromagnetic transition at 160
K, the susceptibility slightly increases due to not fully
compensated antiferromagnetism. Additionally, there is
a significant difference (gap) between the ZFC and FC
curves; the irreversibility first appears around 280 K,
i.e. well above the Néel temperature, but at a temper-
ature that coincides with the first indications of ferro-
magnetism in the as-quenched sample (C). It is also of
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FIG. 11: (Color online) Magnetization vs. applied field for an
as-quenched sample at 30 K (black circles) and an annealed
sample at 30 K (red triangles).

interest to note that this temperature marks the onset
of a frequency dependent ac-susceptibility that remains
frequency dependent only down to the antiferromagnetic
ordering temperature at 160 K. This indicates that clus-
ters of ferromagnetic order starts to form around 280 K
(the same temperature range in which the as-quenched
sample (C) starts to form a long ranged ferromagnetic
phase). On further cooling global antiferromagnetic in-
teraction forces the sample into long ranged antiferro-
magnetic order below about 160 K.

It is worth to be mentioned that the closely related
compound FeMnP (orthorhombic Co2P structure) also
shows an antiferromagnetic structure for 176 K < T <
265 K with a doubling of the crystallographic c axis.
Below 175 K a complicated modulated helical antifer-
romagnetic structure is developed [27]. FeMnP is a fully
ordered compound with the tetrahedral Me(I) site and
the pyramidal Me(II) site fully occupied by Fe and Mn
atoms, respectively.

The magnetization of both samples as a function of the
applied field at 30 K is shown in Fig. 11. At an applied
field of 3 T the measured magnetic moment is 1.26 µB

per formula unit (f.u.) for the as-quenched sample (C)
and 0.05 µB/f.u. for the slowly-cooled sample (D). The
figure distinctly pictures the transformation of the low
temperature state of the material from ferromagnetic to
antiferromagnetic by only an almost marginal change of
the site occupancy of the Fe and Mn atoms as observed
from the Mössbauer experiments.

In Fig. 12 a comparison between calculated and mea-
sured magnetic moments is shown. The calculated mag-
netic moments are obtained by averaging the calculated
ordered moments for the Mn pyramidal, Fe pyramidal,
and Disordered phase in proportion to the Fe/Mn ra-
tio and measured disorder from Mössbauer spectroscopy.
The ferrimagnetic coupling was assumed to be between



7

0

1

2

3

4
 M

om
en

t (
B
/f.

u.
)  Ferro (calc.)

 Ferri (calc.)
 Experiment
 Antiferro 

 

Quenched Slowly cooled

FIG. 12: (Color online) Experimental magnetic moments/f.u.
in comparison with calculated moments assuming ferro–,
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the pyramidal and tetrahedral sites. It can be seen that
the experimental results for the as-quenched sample (C)
and the slowly-cooled sample (D) do not coincide with
ferromagnetic ordering. Both, the slowly cooled and the
as quenched samples, exhibit more complex magnetic
structures such as antiferromagnetism or ferrimagnetism.

In the case of Fe1−xS a rather similar experimental re-
sult was explained by the ordering of vacancies on mag-
netic sub-lattices, see Takayama et al.[28].

IV. SUMMARY AND CONCLUSIONS

In this manuscript we report on the synthesis and
structural characterization of nominal FeMnP0.75Si0.25, a
compound which crystallizes in the hexagonal Fe2P-type
structure. From electron probe micro-analyzer (WDS-
EPMA) and EDS one obtains an actual composition of
approximately Fe1.1(1)Mn0.9(1)P0.7(1)Si0.3(1). Two types
of samples (as quenched and slowly cooled) were synthe-
sized and characterized structurally and magnetically. It
is found that marginal changes in the degree of crystallo-
graphic order, which eventually may be accompanied by
a pnictide element ordering, causes a large change in the
magnetic properties.

Slow cooling causes a larger degree of order compared
to the rapidly quenched sample, and our analysis from
the Mössbauer data suggests that for the slowly-cooled
sample (D) ∼ 15(1) % of the pyramidal (high moment)
site is occupied by Fe atoms. This correspond to almost
full order for the measured Fe/Mn ratio of ∼ 1.24. For
the as-quenched sample (C) ∼ 20(1) % of the pyramidal
site is occupied by Fe atoms.

The slowly-cooled sample (D), with higher degree of
order is antiferromagnetic with zero net moment. The
as-quenched sample (C) has a net moment of 1.26 µB/f.u.
obtained from magnetization measurements. Our exper-

imental finding that the magnetism depends very deli-
cately upon the degree of order is in qualitative agree-
ment with the theoretical first principles results.

The theoretical calculations give rather large magnetic
moments for the Fe and Mn atoms, both when occupied
on the tetrahedral and pyramidal site. The largest mo-
ment is found for Mn being on the pyramidal site, which
reaches values as high as 2.81 µB/atom. The theoretical
calculated moments for Fe on the pyramidal site (ordered,
disordered) = (2.29 µB/site, 2.29 µB/site) coincide with
the average moments obtained from Mössbauer spec-
troscopy (slowly cooled, quenched) = (1.9 µB/site, 2.1
µB/site). The calculated moment for Fe located on the
tetrahedral sites (1.44 µB/site) is significantly larger than
the observed by Mössbauer spectroscopy (0.95 µB/site).

We do not have experimental values for Mn to com-
pare these theoretical values with, but we can note that
normally theory and experiment agree with each other
for atomic projected moments of magnetic materials (see
e.g. Ref. [29]) with an error being less than 10 %. If we
assume that this is also the case for the currently studied
system, we must conclude that the as-quenched sample is
a ferrimagnet or a non-collinear magnetic structure, pos-
sibly involving a spin-spiral state, since a ferromagnetic
coupling of the calculated atomic moments would result
in a net moment of 4.11 µB/f.u., a value much larger
than the measured value (see Fig. 12).

The observed magnetic response of FeMnP0.75Si0.25 is
dependent on the proportion of Fe and Mn atoms occupy-
ing the tetrahedral and pyramidal sites. A small increase
of the Fe concentration on the high-moment pyramidal
site, only a few percent, might be cause for a change from
an antiferromagnet to a ferrimagnet with a rather large
saturation moment. It is unclear if a modification of the
stoichiometry would cause a similar change in the mag-
netic response, but it is tempting to speculate that this
may be the case. We also find from our theory that an
ordered phase with all Mn atoms on the pyramidal site
and all Fe atoms on the tetrahedral site has a significantly
lower energy compared to the disordered phase.

The here studied material, FeMnP0.75Si0.25, has been
characterized structurally and magnetically, with a range
of experimental techniques and by first principles theory.
As member of a family of materials which are relevant for
magnetocaloric refrigeration. Our study indicates that
the influence of crystallographic order and disorder on
the magnetocaloric properties is important and should
be studied in more detail. This involves both varying the
concentration of Fe and Mn as well as different annealing
conditions.
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Ab initio total-energy calculations, based on the exact muffin-tin orbital method, are used to determine the
elastic properties of Pd1−xAgx random alloys in the face-centered-cubic crystallographic phase. The composi-
tional disorder is treated within the coherent-potential approximation. The single crystal and polycrystalline
elastic constants and the Debye temperature are calculated for the whole range of concentration, 0�x�1. It is
shown that the variation in the elastic parameters of Pd-Ag alloys with chemical composition strongly deviates
from a simple linear or parabolic trend. The complex electronic origin of these anomalies is demonstrated.
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I. INTRODUCTION

Although the Pd-Ag alloys are commonly used in many
technological applications, the behavior of their elastic prop-
erties as a function of chemical composition has not yet been
established. At first glance, we might ascribe this deficiency
to the apparent simplicity of the system, which suggests a
smooth linear dependence for the elastic constants. However,
a careful survey of the available experimental data for the
equilibrium lattice parameters1 indicates that there are at
least two distinctly dissimilar regimes with slightly different
slopes as a function of composition �Fig. 1�. The slope
change around 60%–70% Ag is anomalous and signals the
presence of a transition. In mid 1990s Bruno et al.2,3 pre-
sented a comprehensive theoretical study of the Fermi-
surface geometry for random Pd-Ag alloys. These authors
identified five distinct electronic topological transitions
�ETTs� �Ref. 4� for Ag concentrations between 6% and 70%.
They argued that the observed ETTs should be reflected in
several physical properties, which was confirmed in the case
of the equilibrium volume and mixing enthalpy using the ab
initio Korringa-Kohn-Rostoker �KKR� coherent-potential ap-
proximation method.2 At that time, however, it was impos-
sible to carry out a more accurate theoretical study as a func-
tion of chemical composition and thus to reveal the footprint
of the ETTs on other important equilibrium bulk parameters.

Here we present a systematic study of the elastic proper-
ties of Pd-Ag binaries using the exact muffin-tin orbital
�EMTO� method.5–9 The EMTO method is an ab initio tool
based on density-functional theory,10,11 which was shown to
be suitable to compute the anisotropic lattice distortions and
thus the elastic constants in random alloys.9,12–18 Our pri-
mary aim is to produce consistent and accurate theoretical
data, which can be used to trace the anomalies driven by the
ETTs and also to serve as a starting point for future experi-
mental investigations. To this end, we select the recently de-
veloped Perdew-Burke-Ernzerhof exchange-correlation ap-

proximation revised for metallic bulk and surface systems
�PBEsol�,19 which yields accurate equation of state �equilib-
rium volume and bulk modulus� for pure Pd and Ag,20 as
well as for the Pd-Ag system �see Sec. III�.

According to the experimental phase diagram, Pd and Ag
form continuous solid solution within the face-centered-
cubic �fcc� crystallographic phase.21 Hence, in the present
study we use a random fcc solid solution to describe the
Pd-Ag system. Nevertheless, theoretical calculations by
Müller and Zunger22 showed that ordering in Pd-Ag occurs
at temperatures �T� below �340 K in Ag-rich alloys and
�270 K in Pd-rich alloys. A similar ordering tendency was
predicted by Ruban et al.23 in their calculations based on the
screened generalized perturbation method. In light of these
theoretical findings, our results obtained for random alloys
are expected to be approximately valid at temperatures
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FIG. 1. Experimental equilibrium lattice parameters for Pd-Ag
alloys plotted as a function of Ag concentration �Ref. 1�. The dotted
and dashed lines are linear fits to two distinct regimes correspond-
ing to alloys with Ag concentration between 0%–60% and 60%–
100%, respectively.
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around and above the room temperature. On the other hand,
it is well known that the elastic constants of Ag follow the
normal decreasing trend with increasing temperature,24

whereas those of Pd exhibit anomalous temperature depen-
dence �e.g., c44 increases with T above �100 K�.25 In Pd-Ag
system, similarly to the Nb-Zr system,18,26 the above
anomaly should gradually diminish with increasing Ag con-
tent. The difference in the temperature factors for the elastic
constants of Pd and Ag brings another uncertainty to our
theoretical results. Therefore, in addition to the fundamental
approximations �see Sec. II�, the neglected effects due to
ordering and anomalous temperature factors in Pd-rich alloys
should also be taken into account when the present theoreti-
cal results are to be compared with future experimental data.

Using the EMTO-PBEsol approach, we calculate the
single crystal and polycrystalline elastic moduli �c�x�� of
Pd1−xAgx alloys as a function of concentration x. We show
that despite the fact that the calculations are carried out for a
single phase, within which both end members are thermody-
namically and mechanically stable, the variation in the elas-
tic parameters with concentration follows anomalous trends.
Namely, all the theoretical c�x� curves deviate strongly from
a simple linear behavior. The deviations are different, and the
largest deviations and the first-order discontinuities occur at
different concentrations. Our findings also confirm the com-
plex electronic structure origin of the above elastic anoma-
lies in Pd-Ag alloys.

The rest of this paper is divided in two main sections and
conclusions. Section II presents the theoretical tools. This
includes a brief overview of the elastic properties and the ab
initio electronic structure method, and the most important
details of the numerical calculations. The results are pre-
sented and discussed in Sec. III.

II. THEORETICAL TOOL

A. Elastic properties

The elastic properties of single crystals are described by
the elements cij of the elasticity tensor. For a cubic lattice
there are three independent elastic constants, c11, c12, and c44.
They are connected to the bulk modulus B= �c11+2c12� /3
and tetragonal shear modulus c�= �c11−c12� /2.

The main difference between single-crystal alloys and real
materials is the inherent disorder. The most common form of
disorder is the breakdown of the long-range order of the
crystal lattice sites. Most of the real solid materials have a
hierarchy of structures beginning with atoms and ascends
through various nanometer or micrometer level crystalline
grains. The misoriented single crystals are separated by
stacking faults, interphase boundaries, etc. The only way to
establish the elastic parameters of these polycrystalline sys-
tems is to first derive data for single crystals and then to
transform these data to macroscopic quantities using suitable
averaging methods based on statistical mechanics. On a large
scale, a polycrystalline material can be considered as quasi-
isotropic or isotropic, and it is completely described by the
bulk modulus B and the shear modulus G. For a cubic lattice
the polycrystalline bulk modulus is identical with the single-
crystal bulk modulus. For the shear modulus we adopt the

arithmetic Hill average G= �GR+GV� /2 �see, e.g., Ref. 9�,
where the Reuss and Voigt bounds are given in terms of
single-crystal elastic constants, viz.,

GR = 5�c11 − c12�c44�4c44 + 3c11 − 3c12�−1 �1�

and

GV = �c11 − c12 + 3c44�/5. �2�

The Young modulus E and the Poisson ratio � are connected
to B and G by the relations E=9BG / �3B+G� and �= �3B
−2G� / �6B+2G�. The longitudinal sound velocity is related
to B and G, viz., �vL

2 =B+ �4G� /3, whereas the transversal
velocity depends only on G, viz., �vT

2 =G. In these expres-
sions � is the density. Using the average sound velocity given
by 3vm

−3=vL
−3+2vT

−3, we obtain the elastic Debye temperature
for a polycrystalline material as

� = ��/kB��6�2/V�1/3vm, �3�

where V is the average atomic volume, and � and kB are
Planck’s and Boltzmann’s constants, respectively.

B. Total-energy method

A full description of the EMTO theory and the corre-
sponding method may be found in Refs. 5–9. Within this
approach the compositional disorder is treated using the
coherent-potential approximation27,28 and the total energy is
computed via the full charge-density technique.29

The EMTO theory formulates an efficient and accurate
method of solving the Kohn-Sham equation.11 For simplicity,
it may be considered as an improved KKR method, where
the exact Kohn-Sham potential is represented by large over-
lapping potential spheres. Inside these spheres the potential
is spherically symmetric and constant between the spheres.
However, within the EMTO theory, in contrast to the usual
muffin-tin-based methods, the one-electron states are deter-
mined exactly �within the common numerical errors� for an
optimized overlapping muffin-tin potential. This potential is
chosen as the best possible spherical approximation to the
exact potential;6,9,30 the radii of the potential spheres, the
spherical potential waves, and the constant value from the
interstitial are calculated by minimizing �a� the deviation be-
tween the exact and overlapping potentials and �b� the errors
coming from the overlap between spheres. The accuracy of
the EMTO method for the equation of state and elastic prop-
erties of metals and disordered alloys has been demonstrated
in a number of former works.8,9,12–18

C. Details of the numerical calculations

Bruno et al.3 pointed out that the ETT at 0.35% Ag has a
relativistic origin. Nevertheless, in the present work we
adopted the scalar-relativistic approximation instead of a
fully relativistic study. The latter would require a signifi-
cantly larger computational effort without changing the basic
physics around the most important ETTs at 53% and 70%
Ag. The one-electron equations were solved within soft-core
approximations. The Green’s function was calculated for 16
complex energy points distributed exponentially on a semi-
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circular contour. In the basis set we included s, p, d, and f
orbitals, and in the one-center expansion of the full charge
density we used the cutoff lmax

h =8. The electrostatic correc-
tion to the single-site coherent-potential approximation was
described using the original screened impurity model31 with
a screening parameter of 0.9.

The cubic elastic constants of Pd1−xAgx alloys were cal-
culated as a function of the chemical composition for the
concentration range 0�x�1. At each concentration x the
theoretical equilibrium lattice parameter a and the bulk
modulus B were determined from a Murnaghan equation of
state32 fitted to the ab initio total energies of fcc structures
for 17 different atomic volumes. In order to calculate the two
cubic shear moduli c� and c44 we used the following volume
conserving orthorhombic and monoclinic deformations:

�
1 + �o 0 0

0 1 − �o 0

0 0
1

�1 − �o�2
� and �

1 �m 0

�m 1 0

0 0
1

1 − �m
2
� ,

�4�

respectively, applied on the conventional cubic unit cell. The
corresponding distorted structures were described as face-
centered-orthorhombic and body-centered-orthorhombic lat-
tices, respectively. The total energies, E��o�=E�0�+2Vc��o

2

+O��o
4� and E��m�=E�0�+2Vc44�m

2 +O��m
4 � were computed

for six distortions 	=0.00,0.01, . . . ,0.05. To obtain the accu-
racy needed for the calculation of elastic constants in the
irreducible wedge of the Brillouin zones we used 20 000–
27 000 k points, depending on the particular distortion.

The self-consistent EMTO calculations were performed
within the local-density approximation �LDA� �Ref. 33� for
the exchange-correlation functional. In order to be able to
commit ourselves to a particular exchange-correlation ap-
proximation, first we need to investigate the accuracy of dif-
ferent density-functional approximations for the Pd-Ag sys-
tem. To this end, in addition to the LDA, the total energy was
also calculated using the Perdew-Burke-Ernzerhof �PBE�
generalized gradient approximation,34 the recent PBE ap-
proximation revised for solids and solid surfaces �PBEsol�,19

the local airy gas �LAG� approximation,35 and the AM05
approximation.36 It has been shown that the above perturba-
tive treatment of the gradient corrected approximations intro-
duces errors which are below the typical numerical errors
associated with such calculations.20,37

III. RESULTS

A. Assessing the accuracy

It has already been shown that the EMTO method gives
equation of states for Pd and Ag in excellent agreement with
the most accurate full-potential method.9 A similar compari-
son in the case of Pd-Ag solid solutions is not possible since
there is no accurate theoretical data available. Instead, here
we use our calculated equilibrium lattice parameters and
bulk moduli to assess the accuracy of different density-
functional approximations. Figure 2 �lower panel� shows that

LDA underestimates and PBE overestimates the lattice pa-
rameters of Pd-Ag alloys, whereas the PBEsol, LAG, and
AM05 values follow closely the experimental curve. In par-
ticular, the recent PBEsol approximation reproduces the ex-
perimental equilibrium volumes with high accuracy. The
relative performance of the five considered functionals is
also reflected in the calculated bulk moduli �Fig. 2, upper
panel�. For B the best agreement between theory and experi-
ment is obtained for the LAG approximation. However, in
lack of the experimental bulk moduli for the solid solutions,
our final verdict on the exchange-correlation approximations
has to be based on the lattice parameter only. Henceforth,
since for the lattice-parameter PBEsol yields marginally bet-
ter results than AM05 and LAG, the elastic constants in the
present work have been obtained by means of the PBEsol
exchange-correlation functional.

To establish the accuracy of the EMTO-PBEsol approach
for the single-crystal elastic constants, in Fig. 3 we compare
the present results for Pd and Ag with the available experi-
mental data38,39 as well as with former theoretical values.
The figure is explained in details in the caption and the text
below. The full-potential linearized augmented plane-wave
�FLAPW� results40 for Pd are shown for both LDA and PBE,
whereas the full-potential linear muffin-tin orbitals
�FPLMTO� results41 for Pd and Ag are shown for LDA only.
Note that a perfect correspondence between the four different
sets of data would result in symbols lying on the 1:1 line. For
Ag, the agreement among the EMTO, FPLMTO, and experi-
mental results is good. For Pd, we can observe large devia-
tions in the case of the EMTO values for c44 and E, the
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FIG. 2. Concentration dependence of the present theoretical
�LDA, PBE, PBEsol, LAG, and AM05� and experimental lattice
constants �a� �lower panel� and bulk moduli �B� �upper panel� for
fcc Pd-Ag random alloys. The experimental data are from Ref. 1 for
a and Refs. 38 and 39 for B.
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FLAPW-PBE values for c11 and c12, and the FPLMTO value
for c11. Jona and Marcus40 used two different distortions to
compute the elastic constant c44 for Pd. We note that, apart
from the numerical inaccuracies, the two values of c44 ob-
tained from these two FLAPW calculations should be iden-

tical. However, the reported large ��15 GPa� difference
�Fig. 3, black filled triangles with and without star� illustrates
the numerical difficulties associated with such calculations.
We speculate that the large error in EMTO c44�Pd� �and
E�Pd�� has similar numerical origin. The low FLAPW-PBE
values for c11 and c12 from Fig. 3 are not surprising, since
PBE strongly overestimates the equilibrium volume of Pd
and thus underestimates the elastic constants. The large de-
viation reported in FPLMTO calculation of c11�Pd� is less
clear. On the other hand, the EMTO values for both c11�Pd�
and c12�Pd� are in good agreement with experiment. The
overall good agreement between our and former theoretical
results, and between the present theoretical and the available
experimental data qualify for using the EMTO-PBEsol ap-
proach to establish the compositional dependence of the elas-
tic properties of Pd-Ag alloys.

B. Composition dependence of the elastic parameters

The calculated single crystal and polycrystalline elastic
moduli as well as the polycrystalline Debye temperature of
Pd-Ag random alloys are listed in Table I and also plotted in
Fig. 4 as a function of Ag concentration. Since there are no
other theoretical and experimental data available, the panels
on this figure display only the present EMTO-PBEsol results.
Note that the ordinates for the single-crystal elastic constants
and the bulk modulus are identical. On these scales, cij�x�
and B�x� follow a nearly linear trend. The situation is quite
different for the polycrystalline elastic moduli E�x�, G�x�,
and ��x� and also for the Debye temperature ��x�. In par-
ticular, the Poisson ration exhibits a nonmonotonous behav-
ior with a marked minimum between 50% and 60% Ag.

In order to split into the trends followed by the elastic
properties of Pd-Ag alloys, we introduce the following pa-
rameter:
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FIG. 3. �Color online� Present theoretical elastic constants
�EMTO, open symbols� for pure Pd and Ag compared to the avail-
able experimental �Refs. 38 and 39� and former theoretical values.
The EMTO calculations were done using the PBEsol approxima-
tion. The two sets of FLAPW results �Ref. 40� for Pd �black filled
symbols� were obtained using the LDA �larger values� and PBE
�smaller values� approximations. The triangle with star is a second
FLAPW-PBE result for c44 obtained using a different lattice distor-
tion �see text�. The FPLMTO results �Ref. 41� �Ag dark gray and Pd
light gray� were obtained using LDA. Note that the FLAPW-LDA
and FLAPW-PBE values for c44�Pd� and the FPLMTO and EMTO
values for c44�Ag� overlap. For completeness, the EMTO values for
the bulk, Young’s, and shear moduli are also compared to the cor-
responding experimental data.

TABLE I. Theoretical �EMTO-PBEsol� single and polycrystalline elastic constants and Debye tempera-
ture of Pd-Ag alloys as a function of Ag concentration.

at. %
c11

�GPa�
c12

�GPa�
c44

�GPa�
B

�GPa�
G

�GPa�
E

�GPa� �
�

�K�

0 234.08 189.95 112.75 204.66 59.56 162.88 0.367 315.74

10 221.84 177.49 111.75 192.27 59.32 161.37 0.360 313.50

20 209.58 165.87 108.96 180.44 58.06 157.31 0.355 308.60

30 198.68 155.63 105.07 169.98 56.41 152.37 0.351 302.73

40 189.20 146.55 100.02 160.77 54.47 146.82 0.348 296.12

45 185.35 141.67 97.11 156.23 53.91 145.06 0.345 293.85

50 182.07 136.77 93.97 151.87 53.52 143.67 0.342 292.04

55 177.78 132.40 90.19 147.53 52.19 140.05 0.342 287.71

60 171.60 128.79 85.71 143.06 49.46 133.04 0.345 279.57

65 166.44 126.18 82.15 139.60 47.07 126.94 0.348 272.32

70 160.91 122.84 78.37 135.53 44.76 120.96 0.351 265.03

80 150.58 117.16 71.51 128.30 40.26 109.35 0.358 250.38

90 140.62 111.37 65.49 121.12 36.27 98.92 0.364 236.49

100 132.99 106.26 61.38 115.17 33.68 92.07 0.367 226.90
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C�x� � C�x� − �1 − x�C�Pd� − xC�Ag� , �5�

where C�x� stands for a certain equilibrium property calcu-
lated for alloy with concentration x. By separating the
“large” linear contribution Clin�x���1−x�C�Pd�+xC�Ag�
and the “small” nonlinear contribution 
C�x�, we can carry
out a more detailed investigation of the alloying effects. Note
that in the case of lattice constant, Eq. �5� describes the de-
viation relative to Vegard’s rule, while in the case of total
energy it corresponds to the mixing enthalpy.

The obtained relative deviations from the linear trend for
the elastic properties are plotted in Fig. 5. The figure clearly
shows that all single-crystal elastic constants deviate strongly

from the linear behavior �Fig. 5, left panels�. The actual bulk
modulus and c12�x� follow a nearly parabolic trend dropping
by �8–10 GPa relative to the linear Blin�x� and c12 lin�x�.
On closer examination, we find that the first-order deriva-
tives of B�x� and c12�x� are discontinuous at �30% and
�60% Ag. The other two elastic constants c11�x� and c44�x�
display even more peculiar trends. c44�x� has a blurred break-
point at x=0.6, and 
c44�x� changes sign around x=0.8.
c11�x� has a double-minimum structure with a sharp first-
order discontinuity between 50% and 60% Ag and a break-
point at x	0.6.

The strongly nonlinear trends in the single-crystal elastic
constants are well reflected in the polycrystalline elastic
moduli and Debye temperature �Fig. 5, right panels�. The
large positive deviations in c44�x� and c��x�= �c11�x�
−c12�x�� /2 �not shown� around the equimolar compositions
yield large positive deviations for G�x�, E�x�, and ��x�. On
the other hand, the Poisson ratio exhibits a deep minimum
��0.34� near 55% Ag. This minimum shows that the corre-
sponding alloys have larger G /B ratio compared to Pd-rich
and Ag-rich alloys. Connecting the G /B ratio to the ductility
of solids,42 we find that the equimolar compositions are more
brittle than the rest of the alloys.

The �20 K maximum of 
��x� near x=0.55 �represent-
ing �7% of ��x�� has important consequence on the phase
diagram of Pd-Ag. To understand this effect, first we show
that the present theory reproduces with high accuracy the
formation energies of the Pd-Ag alloys. Putting the theoreti-
cal Debye temperatures from Table I into the Debye model
�see, e.g., Refs. 43�, we get the vibrational entropy of forma-
tion �
Svib�, which in turn can be compared to the experi-
mental excess entropy of formation �
Sxs�.44 The agreement
between the two sets of entropy from Fig. 6 �upper panel�
can be considered very good, especially if we take into ac-
count the large error bar reported in experiments.44 In the
lower panel of Fig. 6, we compare the present enthalpy of
formation �
H� and Gibbs energy of formation �
G� for
temperature T=1200 K with the corresponding experimental
data.44 The theoretical Gibbs energy is obtained as 
G
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FIG. 4. Theoretical �EMTO-PBEsol� single and polycrystalline
elastic constants and Debye temperature of Pd-Ag alloys as a func-
tion of Ag concentration.
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=
H−T�
Svib+Sconf�, where the configurational entropy
�Sconf� is calculated within the mean-field approximation, and
the vibrational energy and entropy are estimated using the
Debye model.43 We find an excellent agreement between the
theoretical and experimental formation energies, except for
the Pd-rich alloys �containing �60%–80% Pd� where the
deviations are somewhat larger. The good correspondence
between 
Htheory and 
Hexpt demonstrates that, in contrast to
what has been suggested in Ref. 22, the short-range-order
effects in the enthalpy of formation of Pd-Ag are very small
at temperatures around 1200 K. On the other hand, the nega-
tive excess entropy of formation �Fig. 6, upper panel� leads
to a phonon free energy of mixing �not shown� that has a
maximum around 55% Ag. Although at 1200 K this maxi-
mum is to a large extent washed out by the configurational
entropy, its effect pops up as a negatively curved portion of

Gtheory between �45% and �60% Ag, indicating segrega-
tion �spinodal decomposition� tendencies in the Pd-Ag sys-
tem.

C. Discussion

Using a fully relativistic KKR method, Bruno et al.3

found that there are five Fermi-surface topological transitions
in random Pd-Ag alloys, and they occur near x=0.06, 0.20,
0.35, 0.53, and 0.70. They claimed that the equilibrium prop-
erties must show anomalies around the quoted concentra-
tions. Indeed, our theoretical elastic constants from Figs. 4
and 5 display a series of peculiar features at concentrations
0.3�x�0.7. To be more specific, in Fig. 7 we show the
present Poisson ratio values and mark the critical concentra-
tions of ETTs by Bruno et al.3 In order to highlight the
anomalies in the theoretical Poisson rations, we divide the
calculated points in such a way that each small set of data
can be fitted by a second-order polynomial �except the single
point at x=0.3�. In this way we can establish a good corre-
spondence between the position of the anomalies �break-
points in �� and the ETTs.

However, the present calculations do not take into account
the spin-orbit interaction, and therefore one cannot expect a

perfect one-to-one correspondence between the elastic
anomalies and the critical concentrations. The actual transi-
tions are also blurred by the substitutional disorder.3 A third
factor that can make the comparison problematic is the way
how the elastic constants are computed. Large numerical val-
ues for �o and �m in Eq. �4� make the ETT effects on cij�x�’s
to be smeared within a finite concentration range around the
critical concentration. Finally, due to the closeness of the
ETTs, their effects overlap and lead to the rather complex
trends in cij�x�. In spite of these difficulties, below we make
an attempt to separate and understand the role of the main
ETTs on the ground-state properties.

Our results for the equilibrium lattice parameters are plot-
ted in Fig. 8. Starting from the Ag side, the lattice parameter
decreases upon Pd addition showing a negative deviation
relative to Vegard’s rule. We make use of the expression
for the pressure written within the atomic sphere
approximation45,46 to estimate the lattice contraction upon
alloying. According to that, the total pressure is decomposed
into a homogeneous positive sp pressure and a negative d
pressure, viz.,

Ptot�V� = Psp�nsp/V� + Pd�nd,V� , �6�

where nsp and nd denote the number of sp and d electrons,
respectively, and V is the atomic volume. At equilibrium vol-
ume V0 we have Ptot�V0�=0. Equation �6� expresses the fact
that the sp partial pressure depends on the average sp elec-
tron density, and the d partial pressure depends on the actual
number of the d electrons and volume. Expanding the partial
pressure around the equilibrium volume V0 and using the
expression for the bulk modulus �B=V0�Ptot /�V�, one ar-
rives to an expression which connects the volume change to
the change in the occupation numbers. Following the proce-
dure from Ref. 47, for the volume change we obtain


V

V0
	 K


nsp

nsp
, �7�

where K=−V0 /Bnd�10−nd��W /�V and W is the potential pa-
rameter describing the d bandwidth. The d bandwidth in-
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creases with pressure,48 so we have �W /�V0 and thus
K�0. Therefore, according to Eq. �7�, the volume change is
proportional to the change in the sp occupation number, that
is, a decrease in nsp yields a negative 
V.

The total and partial sp density of states �DOS� for 70%,
80%, and 90% Ag concentrations are shown in Fig. 9. Note
that the partial f DOS is negligible in Pd-Ag system. With Pd
addition �electron removal�, corresponding to −
x= 

x

change in the total number of electrons per atom, the Fermi
level �EF� is shifted to the left of the figure. Since in Ag-rich
alloys the d band is far below the Fermi level, the d DOS is
very small compared to the sp DOS at EF �i.e., 
nd	0�, and
therefore the electrons are mainly removed from the sp band,
which means that 
nsp	
x. In accordance with Eq. �7�, this
leads to a drop in the equilibrium volume proportional to


x
. This is in perfect agreement with Fig. 8.

In 90% alloy, the Fermi level is located on a local maxi-
mum of the sp DOS, and with increasing Pd amount, EF is
shifted toward lower sp DOS. At the same time, the d DOS
at EF slightly increases with Pd addition. Both of these ef-
fects result in 

nsp
 

x
 as x decreases from 0.9, and thus
in a reduced volume change. That is why the volume drop
between 80% and 60% Ag is much smaller compared to that
between 90% and 80% �Fig. 8�. Finally, when the Fermi
level hits the d DOS �somewhere close to x=0.6�, there is a
sudden decrease in 

nsp
, since part of the electrons are now
removed from the large d band. This results in a sudden

decrease in 

V
 around 60% Ag, in accordance with Fig. 8.
We point out that the above changes in the equilibrium lattice
parameter correlate well with the obtained changes in the
bulk modulus �Fig. 5�.

Returning to the electronic topological transitions, we re-
call that Bruno et al.3 associated the topological transition at
x=0.53 with the hole pockets centered at points X from the
Brillouin zone. These pockets have d character. We suggest
that this ETT is in fact the origin of the above-discussed
sudden increase in the relative lattice parameter 
a�x� �near
x=0.6 in Fig. 8�. Approaching the pockets from the Ag-rich
side, around 60% Ag we start to deplete the d states around
the X points, which yields an increase in 

nd
 �i.e., decrease
in 

nsp
	

x
− 

nd
� and thus to the sharp increase in the
equilibrium volume �decrease in 

a�x�
�.

IV. CONCLUSIONS

Using the EMTO-PBEsol approach we investigated the
elastic properties of Pd-Ag random alloys. Our theoretical
results provide the first consistent elastic parameter data for
these alloys and call for systematic experimental studies on
this important system. We have found that the variation in
the elastic constants with concentration is not linear even
though these alloys crystallize in a single fcc phase. In addi-
tion, the deviation from the linear change is found to follow
a complex trend. Pronounced discontinuities in the first-order
derivative as a function of Ag concentration are observed in
the case of lattice constant, bulk modulus, c11 and c12 single-
crystal elastic constants, and also in polycrystalline elastic
moduli. Furthermore, these discontinuities are not found at
the same Ag concentration for different parameters. In the
case of lattice constant and bulk modulus the main disconti-
nuities are located around 60% Ag, but in the case of c11 and
c12 and the polycrystalline elastic moduli, the discontinuities
are spread over a concentration range from �30% to �60%
Ag. Using a model based on the partial pressures, we have
presented a simple and transparent explanation for the main
anomalies seen in the equilibrium lattice constant and bulk
modulus.
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