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Philippians 1: 6
Being confident of this, that he who began a good work

in you will carry it on to completion until the day of Christ Jesus.

~ to my precious children and lovely husband ~
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CHAPTER 1

General Introduction and Research Motivation

Introduction

1) Intermetallics

Rationalizing the structural properties and chemical bonding of materials has been a
major obj ectivé of solid state chemistry. In particular, the structures and properties associated
with rare-earth transition-metal intermetallics have generated interest within the solid state
community because they exhibit various structure types and special electronic, magnetic,
superconducting, and optical properties.'™ For example, Nd,Fe 4B is widely investigated for
studying magnetic phase transitions and their permanent magnetic properties®”, and
RETM,B,C (RE = rare-earth or Sc, Y, La; TM = transition metal) have attracted much
attention because of superconducting transition temperatures as high as Tc = 23 K and the
coexistence of superconductivity and magnetic ordering phenomena®®.

In general, intermetallic compounds consist of two or more metallic or metalloid
elements and show crystal structures different from the constituents. Substantial or complete
disorder of the atoms among the crystallographic sites in an injcermetallic structure generates
numerous structural and stoichiometric flexibilities. Despite the large amount of intermetallic
crystallographic data that have been accumulated, there is no general and consistent

explanation for the structure-bonding-property relationships in terms of current electronic

theory. Such fundamental algorithms, e.g., the octet rule, Wade’s rules, and the 18-¢lectron



Table 1. Summary of structure types of Hume-Rothery phases.'®

Phase Type Structure vec range
o fe.c. 1.0-1.42
B b.c.c. 1.36 - 1.59
13 cubic 1.40-1.54
Y b.c.c. 1.54-1.70
o cubic 1.55-2.00
£ h.c.p. 1.32-1.83
€ h.c.p. 1.65-1.89
n h.c.p. 1.93-20

rule, or other empirical models like Pauling’s rules and bond-valence ideas of Brown are not
completely effective for intermetallic phases.

Three major factors are commonly considered in connection with the stability of alloy
phases: valence electron concentration (vec), atomic size and chemical affinity. The valence
electron concentration can influence the formation of certain intermetallics, e.g. the Hume-
Rothery phases. The structural trends of Hume-Rothery phases are rather well understood by
their average valence electron concentration (vec) per atom. (Note: the vec can be counted in
two ways; (1) the number of valence electrons per ‘all’ atoms, which is applied in the Hume-
Rothery phases, and (2) the number of valence electrons per post-transition (or anionic)
atoms). Table 1 summarizes the electronic phases of Hume-Rothery phases between 1.0 and
2.0 e'/atom. Atomic size affects the packing efficiencies of intenngtallic phases. The size of

the minority components can influence the choice of NaZn,s- or ThMn;,- structure type for



various rare-earth iron silicides. Finally, electronegativity (A measure of their ability to
accept electrons obtained by averaging ionization potential and electron affinity values for
elements) plays an important role in the formation and observed structures of a special class
of intermetallic phases, called Zintl phases. These compounds contain two kinds of metais:
one is an electropositive metal (group 1 or 2 elements) and the other is a main group element
from groups 13-16. The electropositive metals donate their valence electrons to the more
electronegative main group elements, and the main group elements form an anionic network
to achieve a closed shell electronic configuration. Therefore, the octet rule rationalizes the
structure of nearly all “Zint]” compounds, which are usually insulating or semiconducting for
stoichiometric compositions, and metallic for nonstoichiometric compositions."’
Nevertheless, exploring the connection between structure and properties may achieve a
fundamental understanding of intermetallic phase stability and properties so as to lead to the

development of new functional materials for applications, such as permanent magnets or

thermoeleciric materials.

2) Iron-rich rare-earth intermetallics

Fe-rich, rare-earth intermetallics (RE-Fe) are a challenging group of compounds to
study fundamental issues, because they exhibit excellent intrinsic magnetic properties as well
as structural complexities, such as partial or mixed site occupancies, site preferences, and
structural phase transitions. In RE-Fe compounds, the interplay between strongly correlated,
localized RE 4f electrons and itinerant Fe 3d electrons gives rise to well known outstanding
magnetic properties.'> These magnetic properties also show dependence on composition and

crystal structure of these materiais.



The majonty of compounds with a large coordination number at the rare-earth
element crystallize in NaZn)s- (cubic), ThMn»- (tetragonal), ThyNi,s- (hexagonal), ThyZn; ;-
(rhombohedral), or RE;3(Fe, Ti)2o-(monoclinic) structure types. The structures can be
described by a complex packing pattern of different polyhedra. The coordinations of the rare-

earth atom are schematically described in Figure 1.

{c) ThyZn,-type (d) Th,Ni-type

Figure 1. Coordination of RE atom by TM atoms in the following types of structures:
(a) NaZn13— ’ (b) ThMl[z- , (C) Tthnn- N and (d) Tthin-— type. Black and blue

circle represent for RE atom and TM, respectively.

Both iron-rich. NaZn3- and ThMn,,-type structure exist, respectively, in the pseudo-
binary REFe 3., Tx (T = Al, si)'““ and REFey, Ty (T = Al, Si, Ga, Ti, V, Cr, Mn, Mo, W)'°.
RE,Fe;7-type structures can be obtained in pseudobinary RE;Fe 7Ty (T = Al, Si, Ti, V, Cr,
Mn, Co, Ga, Nb, Mo, W).1517

The atomic radius of the rare-earth elements is an important factor to determine the
crystal structure of iron-rich compounds. A large rare-earth atom prefers the NaZn,s-type

phase, which has more ¢oordinated iron around each RE than in the Tthu-phase.'s'19



RE;Fe |7 compounds crystallize with two possible structures: ThyNi;7- and ThZZnn—type.20 In
the case of heavier rare-earth metals the ThyNi;7-type structure often appears rather than the
ThyZn 4-type structure, but the energy difference between these structures seems to be small
since many RE;Fe;7 adopt both of structures, depending on the temperature. ThyZn,-type
structure is a high temperature phase or unstable phase. Fe-rich intermetallic compounds also
crystallize in 2 monoclinic RE3(Fe, Ti)se-type structure,?’ which can be described as an
alternated stacking of tetragonal RE(Fe,Ti);, and rhombohedral RE;(Fe,Ti),7 blocks. %
Table 2 summarizes the existence of different structure types in Fe-rich rare-earth

intermetallics.

Table 2. Existence of different structure types in Fe-rich rare-earth intermetallics.

La Ce Pr Nd Sm Eu G Tb Dy Ho Y Er Tm Yb Lu

lonic Radius:(+3¢) 1016 1034 1013 995 995 95 938 923 908 3894 893 3881 87 858 35

NaZn,,- v v J J

ThMn, - N N <

Th,Ni, - J J* N
ThyZn, - J* J v 4 J*

RE,(FeTi),- J 4 N J

* High temperature phase or unstable phase. Some RE-Fe compounds exist as ternary
form with main group elements.



Dissertation Organization

The purpose of this thesis is to explore novel rare-earth, transition metal compounds
and to investigate their structure and bonding and how these influence their properties. We
have focused on the synthesis, characterization and electronic structure investigations, as
well as physical properties of ternary rare-earth Fe-rich intermetallics, e.g., LaFe;1.,Six, and
Gdy «FesSha.y, etc. The main investigatory techniques used in this thesis are powder and
single crystal X-ray diffractions, magnetic properties measurements, and electronic structure
calculations. X-ray diffraction is a powerful technique which can provide information about
atomic ordening and bonding within the structure. In addition to careful crystatlography,
electronic structure calculations are an essential tool for understanding the relationship
between structure and chemical bonding in these compounds. Useful theoretical tools are the
energy density of states (DOS), crystal orbital Hamilton population (COHP) and the
electronic band structure. Manipulations of the density of states allow classification of
bonding types and assignment of electron density to various atoms in a material. The projects
described in the following pages will blend experiment and theory with the goal to achieve a
better understanding of intermetallic phase stability and properties.

Chapter 1 gives a general introduction to this thesis.

Chapter 2 covers the general experimental techniques used in this thesis. It gives
information about the equipments used, along with an overview of the analysis
procedures used for characterizing the structures and properties.

Chapter 3 is the first chapter of experimental results. The crystal structures and phase

analyses of the LaFe,3,Si, system is discussed with respect to Si concentration.



The origin of the large entropy change of this system will be addressed from a
structural perspective.

Chapter 4 presents results of electronic structure calculations on LaFe;.,Si, systems. The
magnetic properties, such as local magnetic moments and Curie temperature,
are discussed with respect to Si concentration.

Chapter 5 is an investigation of rare-earth/iron/silicon systems, which show an interesting
intergrowth feature and a complex superstructure. A series of polycrystalline
rare-earth iron intermetallic compounds RE; «FesSiy4.y (R=7Y, Gd, Tb, Dy, Ho,
Er, Tm, Yb and Lu) was prepared by arc melting. Their structural characteristics
and magnetic properties will be discussed. Result from transition electron
microscopy (with professor Matthew Kramer ef al., Department of Materials
Science and Engineering; Iowa State University) and Méssbauer spectroscopy
(with professor Gary John Long, Department of Chemistry, University of
Missouri-Rolla) also be presented as an attempts to characterize and understand
the superstructure.

Chapter 6 is a theoretical investigation of FeSi; which shows the metal-semiconductor
phase transition depending on the structure. We report our results for the total
energy, the electronic density of states {DOS), and the band-gap diagram for
actual and hypothetical structures of @-, §- and y-phases. Band structure
calculations shows the gap opening in B-FeSi> comes from the covalent mixing
between the Fe 34 states and adjacent Fe atoms.

Chapter 7 reports the new compound Tb3Zn; ¢(1;Al7.401) obtained from Al and Zn-rich

ternary solutions. Structural characteristics and magnetic properties have been



investigated. The distribution of Zn and Al atoms are explained by TB-LMTO-
ASA electronic structure calculations, which indicate that this new intermetallic
phase can be classified among the so-called “polar intermetallics.”

Chapter 8 presents a new structure type for Cr/Zn/Al compounds. Here, our interest lies
mainly in the structural chemistry of such compounds.

Finally, Chapter 9 is the conclusions produced from these studies and suggestions for

future work on the samples studied.
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CHAPTER 2

Synthesis and Characterization

“The successful synthesis of single-phase, homogeneous (solid-state) products
is often very much at the mercy of intrinsically slow, highly variable processes associated
with mass transfer/diffusion rates within and between solid particles.”

Synthesis

The possibility to design inorganic materials with desired properties is a significant
scientific challenge because, in preparative solid-state chemistry, it is difficult to predict
either the existence of a hypothetical compound or the structures. Such design will depend on
development of improved methods of synthesis, as well as information on structure and
dynamics at an atomic level, which are obtained by a variety of experimental techniques and

computational methods.

Materials

All starting elements were obtained from commercial sources and listed their sources
and forms in Table 1. Most of them were used as received. Whenever appropriate, the
various solid reactants were scraped to obtain a cleaner surface or pre-arc melted to eliminate

the possible presence of the oxide surface before use.
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Table 1. Starting materials used in the syntheses.

Element Form Purity[%] Source m.p.[K] b.p.[K]
e Mo o
Fe chips 99.98 Aldrich 1808 3023
S1 pieces 99.999 Aldrich 1683 2630
Cr chips 99.995 Aldrich 2130 2945
Zn granular  99.99 Fisher Scientific 692.73 1180
Al foil 99.99 Aldrich 933.5 2740

Reaction Containers

The high-temperature preparation of samples may involve the unwanted reaction of
the starting materials with the containers. The container should be inert during the reactions.
Hence, tantalum tubes were chosen as inert reaction containers in this work because none of
the rare-earth or transition metals used is known to form binary compounds with tantalum.?
However, tantalum forms a variety of binary alloys with groups 13 and 14 elements.

The cleanness of the container is an important requirement. Therefore, the tantalum
tubes were cleaned with an acid mixture containing of 55% concentrated H,SQ4, 25%
concenirated HNO; and 20% concentrated HF, by volume. The tubes were then rinsed with
distilled water, dried in an oven, and crimped on one end. The tubes were sealed by arc
welding in an argon atmosphere.” The reactants wete then loaded into the prepared Ta
containers. The open end of the tube was crimped shut, and then the sample tubes were
sealed by arc welding as previously described. In order to protect the sealed tubes from

oxidation at the high reaction temperatures, the sample tubes were placed in sealed evacuated
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silica jackets. The silica jacket was heated with a natural gas/oxygen fueled torch to remove

moisture from the silica and then to seal it.

Arc melting

Some of the intermetallic compounds investigated in this thesis were prepared by arc
melting the stoichiometric quantities of the high purity elements on a water-cooled copper
hearth using a tungsten electrode under a high-purity argon atmosphere. During the arc-
melting procedure, a titanium or zirconium pellet was heated prior to melting the reactant
mixture to further purify the argon atmosphere. The samples were remelted several times in

order to ensure sample homogeneity.

Furnaces

Most of the high temperature reactions were performed using regular high-
temperature resistance furnaces, which were controlled by a programmable temperature
controlier. The reaction time and temperature varied depending on demands for different
reactions. Whenever possible, existing phase diagrams were used as a guide in determining
reaction conditions. In most cases, the synthesis was performed according to the temperature
profile in Figure 1. The first temperature, T, was set at a value allowing reactants to melt and
to react with other elements. This ensured that the low melting reactants would not react with
the container at high temperature. The second temperature, T, was used in attempts to grow
single crystals. The typical heating rate r; was 10°C/min and cooling rates r, and r; were

0.1°C/min for the growth of single crystals.
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.
>

Time

Troom

Figure 1. Typical temperature program for the synthesis.

Characterization Techniques

X-ray diffraction is the primary method for determining the phase and the crystalline

structure.
Powder X-ray Diffraction
Powder X-ray diffraction patterns of the samples were obtained with a Huber image

plate camera and monochromatic Cu Ko radiation (A = 1.540598 A) at ambient temperature

(ca. 295 + 2K). Powdered samples were homogeneously dispersed on a Mylar film with the
aid of a little petroleum jelly. The step size was set at 0.005° and the exposure time was 1 hr.
Data acquisition was controlled via the in-situ program. By comparing line positions and
intensities of the sample powder pattern with the calculated ones for a known structure type,

the products were indexed and phases identified. The program PowderCell calculated
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theoretical powder patterns. Lattice parameters were obtained from least squares refinement

with the aid of a Rietveld refinement program®.

Single Crystal X-ray Diffraction

Room-Temperature Single Crystal X-ray Diffraction Studies. Single crystals
suitable for structure determination were selected from products {(overall crystal dimensions :
0.1~0.2x0.1~02x%0.1~0.3mm® and glued on glass fibers. Single-crystal data were
collected on these crystals using a Bruker SMART APEX CCD diffractometer at room
temperature using Mo Ka, radiation (A = 0.71073 A). Diffraction data were collected in a
hemisphere or full-sphere of reciprocal space with 0.3° scans in ® for an exposure time of 10
sec per frame up to 26 = 56.55°. Intensities were extracted and then corrected for Lorentz and
polarization effects using the SAINT program.® The program SADABS® was used for empirical
absorption correction. The structure refinements (full-matrix least-squares on F°) were
performed by using the SHELXTL-PLUS programs’. The refinement was based on Fy using
reflections with 7> 20 (J). Program XPREP®® was used to perform unit cell reduction and
determination of possible space groups according to the systematic absences and the internal
R-values of the data. Initial structural models were derived from direct methods calculations
using SHELXS or from the positional parameters of an isostructural compound. Full matrix
least squares refinements of the crystal structures were employed using program SHELXL.'
Scale factors, positional, and isotropic thermal parameters were pursued until convergence
was achieved at (shift/esd) < 0.02. Once isotroi)ic refinements converged, the final
anisotropic refinements were carried to convergence. Final refinements that inciuded

occupancy parameters were usually done to check the correctness of the model. Any
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significant deviation from ideal occupancy meant that the intermetallic compound was non-
stoichiometric or that the non-ideal site in the symmetric unit was occupied by different
atoms. Final lattice parameters were obtained from careful indexing and comparisons of the
experimental and calculated X-ray diffraction powder patterns. These parameters had smaller
standard deviations and higher accuracy and were subsequently used for atomic distance and
angle calculations using the program DIAMOND."

Low-Temperature Single Crystal X-ray Diffraction Studies. The low- temperature
data were obtained using a Bruker SMART 1000 CCD diffractometer with Mo Ko radiation
(A =0.71073 A). During these experiments, the temperature was stable within + 1°C with
respect to the value set for an experiment. Data collections and their refinements followed the

same procedures as those of room-temperature.

Microprobe Analysis

Qualitative analysis was a routfine test on interesting samples obtained from our
synthetic work. The chemical compositions were analyzed by Energy dispersive
spectroscopy (EDS) quantitative analysis using a JEOL 8400A scanning electron microscope,
equipped with an IXRF Systems Iridium X-ray analyzer, and these compositions
complemented the results from single crystal X-ray analysis. Samples for accurate
quantitative analysis required a flat, microscopically smooth surface to maintain the validity
of the path length calculation and to assure that the surface to be analyzed was homogeneous.
The sample surface was polished by sandpaper and fine leather. Samples were inspected by
back scattering and topological modes to determine the sites for elemental analysis.

Whenever possible, the bulk compositions were used as standards to reduce any matrix
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effects in the analysis. Otherwise, well-defined stoichiometric binary compounds and the
pure elements were used as standards. Typical data collections utilized a beam of the 20 kV
accelerating voltage and 30 nA beam current. This work was done by Dr. Alfred Kracher
(Adjunct Assistant Professor; Department of Geological and Atmospheric Sciences; Iowa

State University).

Microstructure characterization.

A Philips CM 30 transmission electron microscope (TEM) has been employed for
TEM/high resolution TEM (HRTEM) investigations. TEM samples were prepared by using
crash-flow method. This work was done by Dr. Yagiao Wu (post-doc in professor Matthew

Kramer’s group; Department of Materials Science and Engineering; lowa State University).

Property measurements

Magnetic susceptibility measurements were performed with a Quantum Design
MPMS SQUID (QD MPMS) magnetometer. Measurements were usually made on pieces of
polycrystalline material (5-150mg) in applied fields of 0.1~1 T, at temperatures from 1.85 -

300K. The magnetic susceptibility, , is fitted to a Curie-Weiss law which is given by

C

L= T-e,)

where C is the Curie constant and ©,, is the Curie-Weiss temperature. The Curie constant can

be wrtten in terms of the effective moment (i) as,

_Nug
3k,

C
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here, N is the number of ions of magnetic elements, kg is boltzman constant. g.ris the
magnetic moment per formula unit.

The electrical resistance in zero field was measured with a Linear Research LR-
700AC resistance bridge (f= 16 Hz, I = 1~3 mA) in the magnetic field - temperature
environment of the same QD MPMS system, using a standard four - probe technique. The
irregular shape of the polycrystalline sample was first polished to form a metal plate and then
cut into a rectangular bar by using a wire saw. The dimensions of the sample was 1 x 1 x 3
mm®. Electrical contact was made to the sample using Epo-tek H2O0E silver epoxy, with
typical contact resistances of 1-2 Q. This work was done by Dr. Yuri Janssen (post-doc in
professor Paul Canfield’s group; Department of Physics and Astronomy; Iowa State

University).

Electronic Structure Calculations

Tight-binding linear muffin-tin-orbital calculations. The electronic structures of many
actual and hypothetical compounds were calculated self-consistently by using the tight-
binding linear muffin-tin-orbital (TB-LMTO) method'?® within the atomic sphere
approximation (ASA) using the LMTO Version 47 program. Exchange and correlation were
treated in a local spin density approximation (LSDA).'® All relativistic effects except spin-
orbit coupling were taken into account using a scalar relativistic approximation.'” Within
ASA, space is filled with overlapping Wigner-Seitz (WS) atomic spheres. The radii of the
WS spheres were obtained by requiring the overlapping potential to be the best possible

approximation to the full potential according to an automatic procedure. The Lowdin
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downfolding technique allows the derivation of few-orbital effective Hamiltonians by
keeping only the relevant degrees of freedom and integrating out the irrelevant ones. The k-
space integrations to determine the self-consistent charge density, densities of states (DOS)
and crystal orbital Hamiltonian population (COHP)'® were performed by the tetrahedron
method'®. The Fermi level was chosen as an internal reference level in all cases.

Extended Hiickel tight binding calculations: The Extended Hiickel method is an effective
one-electron calculation of the orbital energies. These calculations provide information about
the electronic structures of compounds such as the relative total energies, overlap populations,
Mulliken population, as well as DOS and crystal orbital overlap population (COOP) curves.
For a discussion of the Extended Hiickel method and some examples of its applications, see

references.?*
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CHAPTER 3

Structure and Bonding in
LaFe,;.,Si,: a MCE Material

I. Structure

A paper to be submitted to Inorg. Chem.

Mi-Kyung Han, and Gordon J. Miller

Abstract

LaFe;3.x51x (1.0 < x < 5.0) are an important series of compounds to study for possible
efficient magnetic refrigeration. A systematic structural study of the compositional variation
in LaFe; s_xSix exhibits a structural transformation from the cubic NaZn;s-structure typeto a
tetragonal derivative due to preferential ordering of Fe and Si atoms. We observe that LaFe; .
x9ly crystallizes in the cubic structure for the range 1 < x < 2.6, and tetragonal for 3.2 <x < 5.
Between 2.6 < x < 3.2, it shows a two-phase mixture.

Temperature-dependent single crystal X-ray diffraction at various temperatures was
performed on the cubic phases to examine the origin of the large magnetic entropy change. A

thorough statistical and structural analysis of the data indicates that the noncentrosymmetric

F43c space group provides a more adequate atomic arrangement than the centrosymmetric

Fm3c space group. This change in space group leads to divergence in specific sets of Fe-Fe

distance below the Curie temperature. From electronic structure calculations (both Extended
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Hiickel and TB-LMTO) for the models, the F 4 3¢ model is more energetically favorable than

the Fm éc model. Therefore, the giant magnetocaloric effect of cubic LaFe,3.4Si, alloys
results from coupling between magnetic ordering and structural transformation, which is also
shown in other magnetocaloric effect materials, such as GdsGes.,Si.

Extended Hiickel calculations on models of various icosahedral Fe;»,Si, (n=1~5)
clusters and tight-binding LMTO calculations have been performed to study the effects of a
main group element (Si) on stabilizing the cubic NaZn,s-type structure and influencing the
transformation between cubic and tetragonal symmetry, as well as to study relationships

among their chemical bonding, structure, and properties.

Introduction

Environmentally friendly, alternative refrigeration technologies have been the subject
of intensive investigation to replace conventional ozone-depleting, energy-consuming
refrigeration technology. Magnetic refrigeration offers the most energy efficient and
ecologically clean cooling techniques over a wide range of temperatures up to room
temperature and above, ~ and has been a focus of research over the past decade. Magnetic
refrigeration is based on the magnetocaloric effect (MCE), which is an intrinsic property of
any magnetic material and is characterized by a temperature change when a magnetic
material is subjected to an adiabatic change of an external magnetic field.

This cooling effect is a consequence of the coupling of the magnetic sublattice of a

material with an applied magnetic field, which results in a change in magnetic entropy of the
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system. MCE 1s measured by that so-called adiabatic temperature change (AT,,) or by the
corresponding isothermal magnetic entropy change (ASuy).

It is well known that the total entropy $ of a magnetic solid is the sum of the
electronic, lattice and magnetic entropies (Sg, S; and Sy, respectively). When a magnetic
field is applied isothermally, the total entropy decreases due to the decrease in the magpetic

contribution, and therefore the entropy change of a magnetic solid is given by
H{ OS
AS, (T, H)= S, (T,H)= 5, (T,0)= [[| —= | dH .
T

The magnetic entropy change is related to the change of the bulk magnetization as a function

of magnetic field and the temperature through Maxwell’s equation,

(2 ), ().

from which, we obtain the following expression:

AS, (T, H)= f (aa—ﬂ;) dH.

H

The adiabatic temperature change is the corresponding temperature difference.

AT:'Jd(S:H)=T(S,H)—T(S,0)=_LH T [SM

_J aH
Cyup\OT Jyp
where Cypis the heat capacity.

To search for applicable materials for magnetic refrigeration, it is necessary to
identify materials with large | AS(T.H) [ Moreover, because the (0M/0T)y value will be

largest close to the Curie temperature, T, for a ferromagnetic material, 2 maximum

| AS(T,H) | value can also be expected at T;.. Generally, due to their high magnetic
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moments, rare-earth elements and their compounds are considered as the best candidate
materials for finding a large MCE.

The MCE was first discovered in iron by Warburg in 1881%. In 1933, Giauque and
MacDonugall® first showed the practical use of the MCE to achieve temperatures below 1K by
adiabatic demagnetization of paramagnetic Gdy(SO4)3-8H,0. Zimm ef al.® have demonstrated
that Gd can be used to achieve cooling about 2 K/T at room temperature using a proof-of-
principle magnetic refrigerator ( | ASy | =~9.8 J/kgK = 1.54 J/kg’K = 81.4 mJ/em’K under 5
T field at Tc = 293 K). In 1997, Pecharsky and Gschneidner discovered a giant MCE in
Gds(SixGel.x)47_ Subsequently, many other materials have been studied with respect to their
magnetocaloric properties.

Recently, Hu et al 1 suggested that LaFe1 451; ¢ with the NaZn,3-structure type
would be an appropriate material for efficient magnetic refrigeration, due to its first-order

ferromagnetic transition and large magnetization at the Curie temperature of ~208 K. It

shows a volume change, | AV/V |, of ~1.05 % from ~11.48 A to ~11.52 A at T, and that
leads to a large magnetic entropy change ( | ASMI =19.4 J/kg'K = 15.9 J/mol'K = 140
mJ/cm>K, at 208 K) which is comparable with that of other magnetic refrigerants, such as
so-called the “giant magnetocaloric effect” materials (GdsGe;Siz, | ASy] = 18.5 JkgK =
18.27 J/mol'K = 140 mJ/em’K under 5T at 276 K)'” and MnFeP_As, (| AS)y/] =18 J/kgK
=2.98 J/mol'K = 132 mJ/cm™ K, at 300 K)'%.

The pure binary RET)3; (RE = rare earth, T = Fe, Co, Ni) compounds with the cubic
19-20,

NaZn;s-type structure do not exist for any of the transition elements except LaCo3

neither “LaFe;;” nor “LaNi;3” exists, which has been explained for two different reasons: (1)
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AH ; (LaFe,) is predicted to positivczl; and (2) “LaN1;3” is unstable with respect to LaNis

and unreacted Ni. However, the NaZn,3-type structure for RE-T system can be stabilized in
pseudobinary RET)3..My (T = Fe, Co, Ni) systems by substituting small amounts of
nonmagnetic, main group elements (M) such as Si or Al for some of the 3d metals.?>? Jt has
been established that the third element plays an important role in the formation of other Fe-
rich rare-earth intermetallic compounds, such as RE(Fe, M);,***" (M = Ti, V, Cr, or Mo)
with the ThMn;, type (1:12) structure, or RE;Fe;7 M, (M = Si, Ga, or Al) with the Th,Zn;;
type (2:17) structure.252°

Depending on the fraction of the nonmagnetic element (M), the RET)3.,Mjy system
(RE = rare-earth, T = Fe, Co, Ni, M = §i, Al) exhibits a structural transformation from cubic
to a tetragonal derivative of the NaZn;s-structure type. For example, under our experimental
conditions, the LaFe;3.,Si system crystallizes in the cubic structure at room temperature for
the range 1 < x < 2.6, and shows the tetragonal structure within the range 3.2 < x < 5, which
is consistent with previous work’®, Moreover, LaFe,sSi, shows a two-phase mixture within
the range 2.6 <x <3.2. Also, in other RET;3.,M, systems, lower symmetry than cubic, such
as tetragonal or orthorhombic, has been realized by decreasing the annealing temperature and
increasing the annealing periods. Weihua ez al.*! have reported the structural transition from
cubic to a body-centered orthorhombic structure in LaFe;Alg by decreasing the annealing
temperature from 1173 to 773 K and increasing the annealing period from 2 weeks to 2
months. (LaFe;Als, @ = 11.866 A, V = 1670.76 A’ before annealing; then a = 8.561 A, b=
8.206 A, c=11.812 A, V = 829.81 A® after annealing)

Their properties can also be tuned by adjusting the T/M ratio. For example, in
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LaFe11.4Six compounds the Curie temperatures increase with increasing Si concentration,
whereas the saturation magnetic moment decreases with increase of the concentration of the
third element.*> 2 Also, the magnetic transition changes gradually from first-order to second-
order with increasing Si concentration.>>* All of these features imply a strong correlation
among the electronic structure, properties, and the structural stability of RET;;.,M, systems.
Atomic radii of rare-earth elements and interatomic potentials have been used to
predict the phase formation of RET;3..M, structures.>*>* However, the effect of rare-earth
elements on the structural transformation might be smaller because of its rattling inside the
cage of transition metals and third elements which surround the rare-earth elements. Also, it
is difficult to obtain interatomic potentials of rare-earth containing compounds, because
interatomic potentials are obtained based on theoretical cohesive energy curves. Such
cohesive energy curves for rare-earth containing compounds are not specified in detail.

Up to now, all of the experimental data reported for LaFe,3.,Si, are based on
polycrystalline samples containing various impurities.'®***" To our knowledge, however, a
systematic through examination of these compounds, including their compositions, phase
widths, atomic distributions, and electronic structures has not been reported so far. In order
to better understand these features, it is particularly important to know the location of the
substitutional atoms within the structure as the composition changes. To clarify these
problems, in this work we have closely investigated three fundamental aspects of the LaFe.
xSly system by analyzing single crystals. These are (1) a detailed structural and theoretical
study of the effects of a third element on stabilizing the structure and controlling the
transformation of cubic NaZnis-type structures to the tetragonal derivative, and (2) the

relationship among structures, properties and bonding by analyzing the electronic structure of
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LaFe)3.,Six systems. Both of these aspects are believed to be essential for understanding how
the minority components enhance the structural stability and influence the physical behavior

of these magnetocaloric materials.

Experimental

Synthesis. The LaFe;3.,Siy (1 <x < 6) samples, each with a total mass of ~ 0.5g, were
prepared by arc melting the stoichiometric quantities of the high purity elements on a water-
cooled copper hearth using a tungsten electrode under a high-purity argon atmosphere. The
starting materials (La rod, Ames Lab Rare-Earth Metals Preparation Center, 99.0 %; Fe chips
(Aldrich, 99.98 %); Si pieces, Aldrich, 99.5 %) were pre-arc melted to remove Impurities
such as oxygen on the surface of the elements. During the arc-melting procedure, a titanium
or zirconium pellet was heated prior to melting the reactant mixture to further purify the
argon atmosphere. The samples were remelted several times in order to ensure sample
homogeneity, and weight losses during the arc melting process were found to be less than 1-2
wt.%. The samples obtained were then wrapped in Ta foil (0.025 mm, Aesar, 99.8 %),
sealed in evacuated fused silica capsules, and annealed at 1000 °C for 30 days and

subsequently slowly cooled (about 80 °C/hr) to room temperature.

Chemical Analysis. Qualitative analysis was a routine test on interesting samples obtained
from our synthetic work. The chemical compositions were analyzed by Energy dispersive
spectroscopy (EDS) quantitative analysis of LaFe;3,Six (1 <x < 6) samples using JEOL

8400A scanning electron microscope, equipped with an IXRF Systems Iridium X-ray
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analyzer, and these compositions complemented the results from single crystal X-ray
analysis. Samples for accurate quantitative analysis required a flat, microscopically smooth
surface to maintain the validity of the path length calculation and to assure that the surface to
be analyzed was homogeneous. The sample surface was polished by sandpaper and fine
leather. Samples were inspected by back scattering and topological modes to determine the
sites for elemental analysis. Whenever possible, the bulk compositions were used as
standards to reduce 36 any matrix effects in the analysis. Otherwise, well-defined

stoichiometric binaries and the pure elements were used as standards.

Structure Determination. Powder X-ray Diffraction Studies. The phase analysis was
performed by X-ray powder diffraction at room temperature and the crystal structure was
confirmed by single-crystal X-ray diffraction. X-ray powder diffraction patterns of the
samples were obtained with a Huber image plate camera and monochromatic Cu Ko,
radiation (A = 1.540598 A) at ambient temperature (ca. 295 + 2K). Powdered samples were
homogeneously dispersed on a Mylar film with the aid of a little petroleum jelly. The step
size was set at 0.005° and the exposure time was 1 hr. Data acquisition was controlled via
the in-situ program. Lattice parameters were obtained from least squares refinement with the
aid of a Rietveld refinement program.®

Room-Temperature Single Crystal X-ray Diffraction Studies. Suitable single crystals
for structure determinations were selected from the sample (overall crystal dimensions: 0.1 ~
02x01~02x%0.1~0.3 mm3) and glued on a glass fiber. Single-crystal data were collected

on these crystals using a Bruker APEX CCD diffractometer at room temperature using Mo

Ka, radiation (A=0.71073 A). Diffraction data were collected in a hemisphere or full sphere
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of reciprocal space with 0.3° scans in o for an exposure time of 10 sec per frame up to 26 =
56.55°. Intensities were extracted and then corrected for Lorentz and polarization effects
using the SAINT program.* The program SADABS" was used for empirical absorption
correction. The structure refinements (full-matrix least-squares on F°) were performed by
using the SHELXTL-PLUS programs.*’

Low-Temperature Single Crystal X-ray Diffraction Studies. The low temperature data
were obtained using a Bruker SMART 1000 CCD diffractometer with Mo Ko radiation.
During the low-temperature experiments the temperature was stable within + 1°C with
respect to the value set for an experiment. Data collections and their refinements followed the

same procedures as the room-temperature ones.

Electronic Structure Calculations. The electronic structures of many actual and
hypothetical compounds were calculated self-consistently by using the tight-binding linear
muffin-tin-orbital (TB-LMTO) method*'** within the atomic sphere approximation (ASA)
using the LMTO Version 47 program. Exchange and correlation were treated in a local spin
density approximation (LSDA).* All relativistic effects except spin-orbit coupling were
taken into account using a scalar relativistic approximation.*®

Within the atomic sphere approximation (ASA), space is filled with overlapping
Wigner-Seitz (WS) atomic spheres. The radii of the WS spheres were obtained by requiring
the overlapping potential to be the best possible approximation to the full potential according
to an automatic procedure. The WS radii determined by this procedure are 4.41 ~ 4.50 A for

La, 2.51 ~2.60 A for Fe and 2.51 ~2.54 A for Si. The basis set included La 6s, 6p, 54

orbitals, Si 3s, 3p orbitals and Fe 4s, 4p and 34 orbitals. The Lowdin downfolding technique



29

allows the derivation of few-orbital effective Hamillonians by keeping only the relevant
degrees of freedom and integrating out the irrelevant ones. The k-space integrations to
determine the self-consistent charge density, densities of states (DOS) and crystal orbital
Hamilton populations (COHP)*” were performed by the tetrahedron method®. The Fermi
level was chosen as an internal reference level in all cases.

Extended Hiickel tight binding calculations : To study the site preference of Si
among 12 icosahedral sites in LaFe,3.,Si, compounds, semi-empirical, Extended Hiickel
calculations were performed on models of molecular icosahedra in which Si atoms occupy
different atomic sites. The Extended Hiickel method is an effective one-electron calculation
of the orbital energies. These calculations provide information about the electronic structures
of compounds such as the relative total energies, overlap populations, Mulliken population,
as well as densities of states (DOS) and crystal orbital overlap population (COOP) curves.
For a discussion of the Extended Hiickel method and some examples of its application, see
references.””>* By comparing total energies of each model, we can simply address the
preference of Si atoms in a icosahedron. The parameters of the atomic orbitals used in the

calculations are listed in Table 1.
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Result and Discussion

Pbase behavior in LaFe;;3.,Si,.

We studied the substitution effect of Si on the structures of LaFe(Fe,,.,Siy). Figure 1
shows two typical XRD patterns of LaFe; 45i; ¢ (a) and LaFe;Si4 (b) annealed at 1000°C.
Comparison of Figures 1 (a) and (b) shows that with increasing Si content, x, the diffraction
peaks of the cubic NaZn,3 phase split into separate peaks, further confirms the transformation

from the cubic NaZn3-type structure to the tetragonal derivative structure.

PhaFe analysis of LaFe,3 xSi, was performed by X-ray powder diffraction (XRD)
measurements at room temperature. Figure 2 (a) shows the XRD patterns of the series (1 <x
< 5) studied here. According 1o experimental results, LaFe;3.,Siy compounds show single-
phase cubic NaZn,s-type structure in the concentration range 1 < x < 2.6, and the refined
results obtained from least squares refinement with the aid of a Rietveld refinement program
suggest that the Si atoms strongly prefer the crystallographic 96: position. For LaFe,;(Sis, X-
ray diffraction showed that the cubic NaZni3 phase still exists. However, many diffraction
peaks show sign of splitting, indicating deviation from cubic symmetry. The composition
around 2.6 <x < 3.2 represents a transition range from cubic to the tetragonal structure.
Whereas, for higher concentrations in Si (3.2 <x < 5), a reduction of symmetry was observed
into the body-centered tetragonal cell (space group J4/mem). The diffraction peaks were
indexed accordingly. Then when the Si content x is increased to 6 (x > ~ 6), only trace
amounts of tetragonal NaZn,3-type structure is observed in the product along with a major
amounts of LaFe;Si; and FeSi phase.

---—-— Table 1 and Figure 2 ------
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Table 2 summarizes the lattice parameters of LaFe,3.4Si, obtained from the
experiments. The lattice parameters were found to decrease with Si concentration. This
behavior is expected from the difference between the metallic radn of Fe (1.25 A) and Si
(1.18 A).53 In Figure 2 (b), we also show the concentration dependence of the lattice
parameter a on the Si content x in the LaFe;3.,Si, compounds. In Figure 2 (b), the circular
dots represent the lattice parameters obtained from X-ray powder diffraction data and the
triangles represent the lattice parameters from X-ray single crystal diffraction data. Those
two different sets of lattice parameters match together well. So, in this paper, we will use
single crystal lattice parameters for comparing bond distances at each composition and

making models for electronic structure calculations.

Crystal Structure of LaFe;3.,Si,.

LaFe;3.,Six (1 <x < 6) adopts the NaZn;s-type and related structures. Depending on the

S1 concentration, it crystallizes in the cubic structure (space group me-ic, No. 226) and a
tetragonal structure (space group I4/mcm, No. 140) at room temperature. The tetragonal
structure is derived from the cubic NaZn,s-type structure by an atomic ordering of Fe and Si.

The unit cell vectors of the two structures are related as follows:

a=a_ /2, b =b 2, mdc =c,.

Figure 3 shows the transformation of the unit cell projected along the c axis from the

cubic NaZn;3-type to its tetragonal derivative structure.
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1) LaFe,;5..8i, (1 < x £2.6): Cubic phases.
Figure 4 shows a slice of the structure of cubic NaZn;-type LaFe;3.,Si, on the ab

plane and the CsCl-type packing of La atoms with Fe-centered icosahedra.

Each unit cell in the cubic structure contains eight formula units; the asymmetric unit
contains three crystallographically inequivalent sites: 8a, 85, and 96i. The La atoms occupy
the 8a (Y4, Y4, Y) position; Fe; atoms exclusively occupy the 8b (0, 0, 0) sites and Fey/S1 are
in 96i (0, y, z) position, so that we can formulate these compounds as La[Fe(Fe12.451,)] - The
structure can be described as a CsCl-type packing of La and Fej-centered icosahedra, see
Figure 4 (b). The La atoms are surrounded by 24 Fe;/Si atoms in a “snub cube” arrangement
with all equal La-Fe,/Si distances as shown in Figure 5 (a). The snub cubes are nearly

spherical polyhedra with site symmetry of O(432). The Fe; atoms are located at the center of

an icosahedron of 12 Fey/Si atoms with site symmetry of Ty (mg) . The two Fej-centered

jcosahedra are interconnected by stella quadrangulae such that they are arranged in an
alternate pattern with adjacent icosahedra rotated 90° with respect to each other. Each Fep/Si
site is surrounded by nine nearest Fey/Si atoms, one Fejatom and two La atoms.

We reexamined the room temperature lattice constants and the atomic coordinates of
each site for several different compositions. In comparing our measured lattice constants
with the literature values, the differences are rather small, whereas our values obtained from
single-crystal X-ray refinements can give precise values for atomic positions. Details of the
single crystal data collection parameters and crystallographic refinement resuits for cubic

LaFe;3..Siy are listed in Table 3. Atomic positions, site occupancy factors, and isotropic
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displacement parameters for refined single crystal cubic LaFe;3.,Si, compounds are presented

in Tables 4 and 5.

Neutron powder diffraction results®® indicate that Si atoms substitute for Fe atoms
randomly on the two different Fe sites, 8 and 96i. (Note: nuclear scattering lengths for each
element is by, = 0.827 x 10" %cm, bre = 0.954 x 10" %cm, and bg; = 0.415 x 10']2cm) However,
based on the single crystal refinement, only the icosahedra-forming position, 964, is
distributed randomly by the Fe and Si atoms, but the centering position, 85, is fully occupied
by Fe atoms. Since the X-ray scattering factors of Fe and Si are quite different due to the
wide separation in atomic numbers between the two elements, single-crystal X-ray
diffraction is an effective method for the determination of the relative content of each
element in a given crystal. The selected bond distances in the structure obtained by single
crystal refinement are tabulated in Table 6. The atom labeling scheme used in the tables is
explained in Figure 5, which also serves to illustrate the three building blocks from which the
entire structure can be described: the snub cube, the centered icosahedron, and the stella

quadrangula.

The lattice parameter decreases from 11.488(1) A to 11.405(1) A with increasing silicon
concentration (from x = 1.3 to x = 3.2). The distances from the central La atom to each of 24
atoms of the snub cube range from 3.3542(5) -3.3238(12). With increasing Si content, the
La—Fey/Si distance decreases. The distances from the central Fe; atoms to each of the 12
atoms of the icosahedron range from 2.4570(6) to 2.446(2). With increasing Si content, the

Fe—Fey/Si distance decreases. There are two different distances within a single icosahedron,
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6 longer distances (1) and 24 shorter distances (2). The stella quadrangula also contain two
different distances, 4 longer distances (3) and 4 shorter distances (4). As shown in Table 5,
interestingly, the inter-icosahedron bond lengths are significantly smaller than the intra-
icosahedron ones. The longer inter-icosahedron distance (3) is hardly changed while the
shortest Fe;~Fey distances (4) decrease with increasing Si content. We will discuss the
structura} stability and magnetic properties upon Si concentration by analyzing the

interaction of each building block later in this article.

2) LaFe;3,Siy (4 £x £5) : Tetragonal phases.
------ Figure 6 ——-—
Figure 6 shows a projection of the structure of tetragonal LaFe;3.,.Six on the ab plane
and the CsCl-type packing of La atoms with Fe-centered icosahedra.

An ordered distribution of Fe;; and Si atoms on the 96 position of the cubic NaZn;s-
type reduces the symmetry to the tetragonal space group, f4/mcm. Each unit cell in the
tetragonal structure contains four formula units. The asymmetric unit contains five positions:
4a, 161(1), 16k, 16/(2) and 4d. The La atoms occupy the 4a (0, 0, '%4) position; Fe; atoms

occupy the 4d (%, 0, ¥2) sites. When atomic ordering occurs, the 96i positions from the cubic

Fm3e structure separate into three inequivalent positions, i.e. 16k, 16/(1), and 16/(2). The
16k (x, y, Y2 ) sites and 16I(1) (x, y, z) sites are fully occupied by Fey atoms, while the 16/(2)
(%, y, ) sites show mixed occupancy by Fey and Si atoms. The structure can be described as
a CsCl-type packing of La and Fer-centered icosahedra, see Figure 6 (b).

~———Table 7~ 9 wmmmr
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Details of the single crystal data collection parameters and crystallographic
refinement results for partially disordered tetragonal LaFe;1.,Six are listed in Table 7. Atomic
positions, site occupancy factors, and isotropic displacement parameters for refined single
crystal data are presented in Tables 8 and 9. The Si atoms are found to share the only 16/(2)
position with Fe); atoms.

The near neighbor environments of the Fe/Si and La atoms in the tetragonal structure
are very similar to that found for analogous atoms in the cubic NaZn;;-type structure.
However, their bond lengths are slightly different, and their polyhedra are slightly distorted,

see Figure 7.

The La atoms are surrounded by 24 Fey/Si atoms in a snub cube arrangement with
three different La-Fe;/Si distances from the central atom. The sﬁub cube has site symmetry
of D4. There are three different interactions between the central Fe; atom and each of the 12
atoms of the icosahedron at distances of 2.424(2) A, 2.440(1) A and 2.478(1) A. Therefore,
the icosahedra centered by Fejatoms have site symmetry of D2;,. The stella quadrangulae
also contain interactions at three .distinct distances, 2.391(2) A, 2.415 (2) A, and 2.505(2) A.

Selected bond lengths for tetragonal LaFe;3.,Si, are tabulated in Table 10.

Distance Analysis of the Structural transformation.

When atomic ordering occurs, the cubic phase transforms into the tetragonal one. In
order to explain the relation between cubic and tetragonal structures, we analyzed bond

distances between atoms within the La[Fe(Fe;2.xSiy)].
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We can classify the Fe;-Fej bond lengths into two types: the intracluster (1, and 2), 6
longer distances 1 (red in Figure 8) and 24 shorter distances 2 (black in Figure 8) within a
single icosahedron; and the intercluster (3 and 4), 4 ionger distances 3 (blue in Figure 8) and
4 shorter distance 4 {cyan in Figure 8) between the icosahedron. The shortest Fe-Fe distance
4 in the system is the distance between the icosahedra (cyan color in Figure 8).

According to single crystal experimental results, most distances decrease as the Si
concentration increases. The shortest distance 4 in the structure exhibits the most
pronounced reduction (~1.39 %). The Fey-Fey nearest-neighbor Interatomic distances
between the neighboﬁng icosahedra, 3 in Figure 8, remain nearly constant, being about
2.50(1) A. The longer Fey-Fey distance within the icosahedron, 2 in Figure 8, increases
slightly by 0.33 % from 2.685(1) to 2.694(1) A. Whereas, the shorter Fey-Fey distance within
the icosahedron, 1 in Figure 8, decreases by 0.63%, i.e. 2.559(1) to 2.543(1) A.

The Fe;-Fey distance, i. e., the radius of the icosahedron, decreases slightly by 0.45%
with Si concentration, 5 in Figure 8. The La-Fey bond distance (6) shows 0.89% contraction
from 3.354(1) to 3.324(1) A. Further increase in Si concentration (x > ~ 3.2) leads to shorter

contact between La and Fey, which is opposed due to a presumed repulsive La-Fe

interatomic interaction potential (which leads to positive AH ? for “LaFe;3”), thus cubic

structure becomes unfavorable.

The distortion to the tetragonal structure appears as a contraction in the ab-plane which
causes the distances between atoms in the icosahedra shorter in the ab-plane but longer along
the c-axis. Based on our single crystal refinement and powder diffraction study for tetragonal
NaZn;s-type structures, there are two kinds of interactions between the icosahedra in the

structure, as shown in Figure 9. Fej-Fey; interactions are the dominant linkage on the ab



37

plane, whereas on the ac plane Fey-Si interactions are dominant. As we mentioned before
that the Fey-Fep bonds between icosahedra show largest contraction upon increasing the Si
concentration. We will discuss the electronic structure corresponding to each plane later in

this paper.

Temperature dependence of structure.

Single crystal X-ray diffraction data were collected at various temperatures and were
refined to obtain accurate lattice constants and atomic positions in order to examine the
origin of the large magnetic entropy change, and we performed careful analysis of the
structure on altering the magnetic state from paramagnetic to ferromagnetic with
temperature. The lattice parameters as a function of temperature are shown in Figure 10.

Anomalies of the lattice parameters near T are observed. A similar feature was
reported for other rare-earth—transition metal compounds.>**® Figure 10 shows that the lattice
parameter for LaFe; 71)Si; 3 increases from 11.4544(13) to 11.5116(13) A across the
magnetic phase transition, resulting in a volume expansion, | av/IV] , 0f 1.51 %. The change
of lattice parameter of LaFe;; 7¢1yS11.3¢1) s sharp, mmplying a possible first order transition
between the low temperature ferromagnetic phase and the high temperature paramagnetic
phase. In contrast, LaFe;61)Siz.4q) shows a small and broad change of lattice parameter. The
lattice parameter for LaFe;q¢(1)S12.401) Increases from 11.4479(13) to 11.4731(13) A, resulting

in a volume expansion, | AV/IV | , of just 0.66 %.
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We do notice an unusual lattice parameter change near the Curie temperature, shown in
Figure 10. This result may be associated with the metamagnetic phase transition above the
Curie temperature which was reported by Fujita, et al.">'**” A metamagnetic phase transition
15 related to electronic structure, such as spin fluctuations or to an exchange interaction of
magnetovolume effects at finite temperature.*®®' These results are explained in terms of the
double minimum structure in the free energy as a function of magnetic moment (M) and
volume (V), that is, these phase transitions are caused by the difference in the energy gain
against temperature.

This volume change near the Curie temperature can be explained by magnetovolume
effect. Above the Curie temperature in the paramagnetic state, there are randomly oriented
magnetic dipoles. With decreasing temperature, the compound seems to display a normal
thermal contraction. However, below the Curie temperature, all magnetic dipoles in the
material tend to align themselves into the ferromagnetic state and make the volume
expansion. Generally, two different kinds of interactions are reported for Fe-rich
intermetallics depending on the distance of nearest-neighbor Fe atoms: When the distance
between nearest neighbor Fe atoms are larger than the critical value of about 2.45A, the
magnetic alignment between nearest neighbor Fe atoms are ferromagnetic. The alignment is
antiferromagnetic for smaller distances.”® In this experiment, we can notice that, with
increasing Si concentration, the change of lattice parameter and Fe-Fe bond lengths before
and after transition gradually decreases, thus the effect of them on the magnetic alignment
gradually changes from ferromagnetic to antiferromagnetic. LaFe, 1.70y511 301y shows larger
volume expansion than LaFe;q ¢ 1)Siz2.4q1), thus it has more ferromagnetic ordering to induce

larger magnetization change near its Curie temperature. Therefore, on the basis of Maxwell
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relation between magnetization and the entropy changes, larger magnetization change in
LaFet;.70yS11 30) induces larger entropy changes. To understand the mechanism for such a
large entropy change at the Curie temperature, detailed theoretical and experimental work
has been carried out to investigate the coupling between magnetism and lattice in LaFe;1,,Siy

system.

On the space groups of room- and low-temperature modifications of LaFe;s. Si,.
Cubic, Fe-rich LaFe,; Si; phases have been arranged the Fm.:ic space group both at
room and low temperatures.* Since a giant magnetocaloric effect results from coupling

62-63

between magnetic ordering and structural transformation®®’, it was assumed that the cubic

LaFe;s..Six alloys undergo some kind of structural perturbation while preserving the Fm 3e
space group. Up to now, all of the structural information was based on powder x-ray
diffraction data, since X-ray-quality single crystals could not be obtained; detailed structural

evaluation driven by temperature around 77 is not yet well understood.

Based on powder diffraction experiments, the higher symmetry Fm 3¢ group was

chosen as the right one, and the room- and low-temperature structures were refined based on-

this space group. Indeed, the Fm3e group yields good structural results even for single crystal

data at room and low temperatures (see R values in Tables 11).

However, the possibility of the non-centrosymmetric F4 3¢ group could not excluded,

and we decided to refine the structures in this space group and compare results with those for
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Fm3e. According to the Hamilton test™, the F4 3¢ space group can always be accepted with

higher that 99% probability below the transition temperature, while at higher temperatures

the probability level is lower. In all tests, the Fm3c space group was never a statistically
preferred choice. The conclusions reached on the space group from the Hamilton test must be
also structurally represented in terms of atomic arrangements, before they can be accepted as

valid.

Diffraction extinction conditions for the Bragg reflections indicate two possible space

groups: non-centrosymmetric F43c and centrosymmetric Fm 3c. For details about these

groups see, for instance, the International Tables for Crystallography.®® The main geometrical

effect of symmetry reduction Fm 3¢ Fa3cis to remove the mirror plane in the icosahedral

clusters but to cause hardly any changes between the clusters, illustrated in Figure 11.

We performed detailed analysis of the interatomic distances for the two space groups.
The majority of the distances matched each other within one standard deviation despite the
difference in the atomic coordinates of the Fe;/Si site between the two space groups (e.g. Fer-

FeH/Si, FGH/Si - FG]I/Si bonds in Figure 12).

However, during the symmetry reduction Fm 3¢ > F4 3¢, bonds involving Fey sites
are split into two groups, there is a large change in distances between the two space groups
(Figure 12). This divergence is larger than three standard deviations, and it becomes even

more pronounced around the ordering/transition temperature. This bond analysis clearly

indicates that the F4 3¢ space group provides a more adequate atomic arrangement than the
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Fm3e space group, and thus, should be accepted as a true space group for the cubic, Fe-rich

La(Fe, Si)i3 phases. From electronic structure calculation (Hiickel and LMTOA47) for the two

space groups, F4 3¢ is more energetically favorable than Fm3c. We will discuss this later in
the electronic structure calculation section.

The simultaneous change in the volume, ¥, of the system and coupling between
magnetic ordering and structural perturbation should be the crucial reason for the great
magnetic entropy change in the LaFe;3.,Siy system. The decrease in magnetocaloric effect
with Si concentration might be due to the reduction in the volume change near T, with Si
concentration, because large volume expansion leads to a large increase in the magnetic
moment, thus the entropy change also increases. Similar discontinuity of the lattice parameter
is also observed for the intermetallic FeRh compound at the phase transition temperature,

which also shows a giant MCE. However, this compound has the irreversible volume

change, | AV/V | = ~0.9 %.5
Ordering of Atoms on the Icosahedral Network.

According to known experiments, ternary main group elements randomly occupy the
96i sites in the cubic structures of LaFe;3.,Siy, and prefer to occupy the 16(2) sites in the
tetragonal structure.

Because an icosahedron serves as the basic building block of the LaFe; 3.,Siy structure,
the site preference of the stabilizing atoms can be explored by carrying out the relative
stabilities of the stereoisomers (or polytypes in mathematical terminology)®’ for various

arrangements of Fe and Si atoms among the vertices of the icosahedron based on the analysis
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of the total electronic energy. The model for random occupation of atoms in each
icosahedron was built by considering several structures with different atomic arrangements
of Fe and Si atoms. Distribution of different atoms over two or more independent sites in a
structure is known as a coloring problem.%®

Figure 13 shows all possible stereoisomers of A)3,B, (n =0, 1, 2, 3) centered-
icosahedra upon replacing several different number of A atoms by B atoms. The

enumeration of all possible stereoisomers for centered or noncentered icosahedra are well

discussed by B. K. Teo® " and by K. J. Nordell” using Polya’s theorem.

As an example, an A-centered icosahedron AgBy, for the composition LaFe[FegSis], has
ten distinct ways of arranging the eight A and four B atoms among the vertices of the
1cosahedron. The relative energies of the ten possible arrangements are numbered from
lowest (1) to highest (10) energy configurations in Figure 14 (a): Fe atoms are blue and Si
atoms are green. A graphical representation of the relative total energies of icosahedron upon

the number of homoatomic contact is shown in Figure 14 (b).

In order to examine the variation in total energy of each atomic arrangement, we treated

La atoms as classical cations, donating three electrons to the metallic framework. Therefore,
it is more accurate to describe LaFeoSis as . [ Fe(Fe,Si, )]~ with 91 valence electrons.
(LaFeoSiy=91¢’, Fe:8, Si:4, La:3).

According to molecular orbital calculations of total energies, we can formulated two site

preference rules: (1) the most stable structures are those with the fewest number of

homoatomic Si-Si contacts, shown in Figure 14 (a); and (2) the energies increase linearly
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with the number of homoatomic contacts, shown in Figure 14(b). These rules are extremely
helpful in the assignment of the third element among icosahedral sites in the La(Fe;3.4S1y)
- system and understanding the relative stabilities of the system upon Si concentration. A
similar plot for {Cu(CusAls)}* in Figure 14 (b) gives rise to the same conclusion.®

The calculated total energies for various atomic arrangements for three different
compositions, i.e., LaFe;Si;, LaFe;Sis, and LaFesSiy, are shown in Figure 15. Because the
relative orders of the calculated total energies are meaningful, the absolute energies are
scaled by subtracting the total energies for one stereoisomer from the most stable structure at
each composition. Each line in Figure 15 represents a different atomic configuration. For
example, LaFe;Si; has three different electronic arrangements because it has three different
lines in the column including the baseline as zero. Similarly, LaFe)oSis has five different
arrangements.

In general, the lower total energies should be thermodynamically more stable. In Figure
15, the energy differences between the lowest atomic configuration and next lowest one for
the compositions LaFe,Sis, LaFe;Si,, and LaFesSis are 0.35¢V, 0.61eV, and 0.8eV,
respectively. The shaded red box in Figure 15 indicates the region that we can reach
experimentally by arc melting, about ~ 0.4 eV (corresponding to ca. 4750K). Within this
temperature region, the LaFegSis has one or two electronic arrangements that can confribute
to create an ordered structure. However, LaFe;(Si; and LaFe;;Si; have more than three
possible arrangements, so that the entropic effecté of a mixture or all of these arrangements
certainly favor the disordered arrangement of atoms in these two systems at elevated

temperatures. This prediction accounts well for the previous results of cubic BaCusAls®
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which has smaller energy difference between each energy configuration, and of the structural

transformation of LaFe;Als’' by annealing at low temperature for prolonged times.

We have also performed various calculations on full three-dimensional (3-D) structures
of tetragonal LaFeqSi, using several different arrangements of these clusters. The total
energies clearly show that even though 1 in Figure 16 has the lowest energy configuration for
a molecular icosahedron, arrangement 5 in Figure 16 shows the lowest energy after building
the 3-D structure. This result is consistent with the site preference rule driven from the
molecular icosahedron calculation that the network wants to minimize the number of
homoatomic contacts. Results from the theoretical calculations are graphically summarized

in Figurel6.

In tetragonal LaFesSiy with space group J4/mem, the energy of Modetl 3 is the lowest
because it creates the smaliest number of homoatomic contacts within the 3-D structure. Si
entering into the 16/(2) site of the tetragonal structure, Model 3, has a lower energy than
Model 2 which has Si entering 16I(1) sites, and than model 4 whose Si enters 16£ site.
Therefore, Si atoms will preferentially occupy 16/(2) sites in the tetragonal LaFeqSis. The
next preferred sites are 16I(1), for x > 4. The 16k site is completely avoided. This theoretical
calculated site preference of Si atom is consistent with the experimental result obtained by
the x-ray diffraction refinement. According to the information obtained from these
molecular icosahedron and 3-D structure calculations, it is clearly more energetically

favorable for the Si atoms to be well separated from each other.
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Conclusion

The X-ray powder and single crystal diffraction was performed on LaFe;;,Siy

intermetallics to investigate their structure-bonding-property relationships. The main results

of present work are summarized as follows.

1.

LaFe;34Siy crystallizes in the cubic structure for the range 1 < x < 2.6, and tetragonal
for 3.2 <x < 5. Between 2.6 <x < 3.2, it shows a two-phase mixture.
Temperature-dependent single crystal X-ray diffraction at various temperatures was
performed on the cubic phases in order to examine the origin of the large magnetic

entropy change. The bond analyses at various temperatures clearly indicate that the

F43c space group provides a more adequate atomic arrangement than the Fm 3¢
space group. Therefore, the giant magnetocaloric effect of cubic LaFe,3.,Siy alloys
results from coupling between magnetic ordering and structural transformation

Based on Fe-Fe interatomic distance analyses, the bonding character within ac plane

induces the shorter ¢-axis than \/5 a, while further drives the structural
transformation.

With increasing Si concentration, the change of lattice parameter and Fe-Fe bond
lengths before and after transition gradually decreases, thus the effect of them on the

magnetic alignment gradually changes from ferromagnetic to antiferromagnetic,
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Table 1. Atomic parameters for Extended Hiickel Calculations.

Orbital Hii(eV) & C; 3 C
Fe 45 -9.22 1.9
4p -5.37 1.9
3d -12.28 5.55 0.5411 1.8 0.6734
Si 3s -17.3 1.63
3p -9.2 1.43
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Figure 1. Typical XRD powder patterns of (a) LaFe,, 4Si, ; and (b) LaFe,Si, annealed at 1000°C



‘1aypurered 2o1)IE] TEISAIO S[FUIS
() 10y ussaxdal w ‘amjeladura) WOOX J8 spunoduroo *1§* t1o JeT oy} Ul SMmonns adfy-£luzeN
oy} J0 (jeuoTensy 103 2 pue FOTA 10) v 12)ourered 201E] 311 JO aouspuadap UOTENTIIOU0D

ay1(q) *(uonerper®y nD) ‘smyersduws) woox e xgx-€ig qer] Jo sureped (TIX Y1 (8) T a3y

52

% ‘uolysodiiog 1§ Dz
g 14 £ 4 1 0 06 £8 9L 6 2 n. _ .mv. _ ,.v. ¥ 54 ,..w.
1 1 I 1 1 O.- _ .. .q._...q-. ™t .__.—. T “ ™ .~.q. T T T
1 §= L2t (01 BT
I o
i -
7l I\/ ! “ (Al Z't=
g Ii
— I =3
! 1 W. g=
«_* SRS y'z=
....... qina, g ]
11 ‘l‘l.l‘. D ] mw ~
i g o
N gl & gh=X
o
_ =
i, “ __ R b=
] F 811
[
¥ (q)
_ — Ll [ A A Y
[

0Tl



53

-9d43-SluzeN o1qno 3y} JO JueLeA [euoSena) patopIo Ay € St aImonys odK)- SIGLUINZSD

890 (SHsyL 1l (£)8856'L wowt |y SISLIN®SD 0's

89°0 (L1l (0)8296'L uou [y [ SISLINTSD 0¥
890 (£)08s9'11 (2)S6L6'L wout [y ] SISEINGD e
e e (9SP'11 o fluzeN v'T
erens e (@D159%°11 Xuld tluzeN 0T

e e, (£)s89%'11 xud SluzeN 91
(@D118v'11 il fluzeN 0’1

B\U D o)

dnoid ooedg ad£y amonng x‘uonisodiIod pepeo |

Yy ‘SUOISUSUIP [[90 JIUf)

U

- myeiadws) Woo: je *1gxtia JeT Jo ejep onydesdofeisii) “z AlqeL



54

‘U0 [eU0Send}

3} S3TEOIPUI UI| YSEp SY} PUE (39 JUN OIqNO Y[} SSJEOIPUT SUI[ PI[OS Y[, “SAIRALISD [eU0Zens)

s11 03 od£3-€luzeN o1qno woiy sixe-2 oY) Suole uonoafoxd 1190 JuN JO UOCHBULIOISURL YT, '€ aandiy

jeuobes;a |



55

(s2[0110 331e]) BIPaUESOOT Parsjusd-loy pue (so7o110 [[eWS) swoge e yo Sunyoed odA1-10s) sy

(9) '196 I SWOLE 15/119,] S1Y) SIE SI[DIIS SN[ [[EWIS SY) PUE ‘G Ut suroje 1o, a1y} a18 S9[0I10 U213

T9[[ELIS 3Y3 DY UL SWOTE ¥ S1e SI[0II0 Pal o31e] SY [, ‘aMonns MG*€19 18] 91qno JO 301S V (2) “p 24ndiy

(q)

(e)
| .ﬂw! VAY, R

Lo e B dmmeem m!.%..%

b (A AVA A @,

N oK o

e oRE

AT I

. />
I N @ N

N

%M%@’."/‘. N LT

=
3R

&8
g

S SNATSL




56

Cd), 071 =m: [ (‘d)m [y =]apm K=" | e -] { =1,

YL T-/61T 66°0°/L9°0 0¥ 1-/€6°0 0r'0-/£5°0 66°0~/1€1 EE'0/ZED 78°0-/59°0 {(ey) uiw “xew(1y)
$880°0 LOS0D LS00 YEO0 7190°0 SPE0'0 #20'0 (erep )M
EPE0°0 812070 12200 1S10°0 £820°0 6600°0 1100 (eiep 11e) 1y
$880°0 L0500 L5070 ¥EQ'D 119070 S¥Z0'0 LETO'D [Mse<iloam
£FE0°0 81200 1220'0 15100 8200 6600°0 9010°0 {(Dsz<0 ‘19
$E6°1 0IF'l PEE] ¥l 1621 1Z11 £8T1 ¢ U0 JiJ-J0-s5aupoon
11/26 11/¥6 01/ 96 11/56 11/56 11/56 01/ 56 siajourered / eye(y
6TE00 9EE00 95500 ££50°0 91400 1s20°0 620°0 (uny

6 6 96 $6 56 56 $6 suonaayyal “dapuy
¥0OSI yoLl L1881 ZLB1 96¥1 0981 28381 Pa1a3[[0a SuOndS|Iay
7798 7798 AT 7798 Ay 7098 7T9s o oz

EOXITOXIETDO TEOXFEOXTO BLOXSTOXBI0 LTOXZIOXOM'D ITOXTIOXOT0 STOXSIOXP'0 920XSI0X6]10 gt .uNmm F«@GU
9EPI £051 09%1 0€67 BIIE €051 (£33 (000)1
9| 85¢l SSL'TI PE9ST 780°LT ZEP'El SLYEL (W “gJa00 'Sqy
vLL'Y 01T’ SETH (AT, 96T 6EET ELEY (guo/8)[eap

8 8 8 8 8 8 8 Z
(6D)es7e8y1 (6208261 (0£)L9°66¥1 (0£)vETO0S51 (0£)8T°9051 (®)z6081 (09)91°9151 £y ‘ownjop
80¥67619 9£66'£879 9L19°0S£9 TILESRED 80¥S"0LY9 8397'8+S9 PBEF0E99 WS1em gjnuLio,
enisor 11 (gN88zy 11 (€ngovy 11 (€nigsy 1 (€D1g9r'11 (EDS0LY 11 (eD1gsy 11 (y)v

- ofp-mi g 2p-wt og-w g ag-w g ag-ul o ap-w g dnoi3 aoedg
oI orgqno o2 ie]ti] oIgqnd AqNI 2qno 2qna Euumhw ._ﬂmbU

L 9 g 14 £ z I 3P0 UONE3IRUSP]

@avw.m_mﬁ@vﬁ.ﬁ Je] pue (9) a:mm.ﬁmﬁctdﬁm@q

‘(5) @cm.mmwsc_,.véo q2T AE ﬁ:sm.ﬁm@&som.mq
(1)PIIS(S)9¢ Haqe] (1) (L) Ig(S)EL o ger] 10 SJUSTUINSEIN UCTIORLII(T Avl-X TRISAID-3[3WIg

"M00€ 1€ (1)

“©) a@mm.:m:_:o.:omdq ‘D

woy e aryderdo]e1sAr) ¢ ajqey,



57

Table 4. Atomic coordinates and the fractional coordinates of the 96i sites

Wyck. X ¥ z

La 8a " Y Ya

Fe, 8b 0 0 0

Fe, /Si 96i 0 y z

Identification code 96i b Yy z Oce. (Fe,, / Si)

1 0 0.1791(1)  0.1165(1)  0.89(1)/0.11(1)
2 0 0.1792(1)  0.1170(1)  0.86(1)/0.14(1)
3 0 0.1791(1)  0.1172(1)  0.83(2)/0.17(2)
4 0 0.1791(1)  0.1175(1) 0.80(1)/0.20(1)
5 0 0.1792(1)  0.1174(1)  ©.79(1)/0.21(1)
6 ¢ 0.1791(1)  0.1177(1)  0.76(2) / 0.24(2)
7 0 0.1790(2)  0.1181(2) 0.73(2)/0.27(3)

Table 5. Anisotropic displacement parameters (A% x10° ) for cubic LaFe;3.,Si, structure.

Identification code Wyck. Ul1 U2z U33 u23 UI3 Ul2
1 La 8a (1) (13 e 0 0 0
Fe, 85 8(1) 8(1) 8(1) 0 0 0
Fe,/Si  96i 8(1) 7(1) (1) 1(1) 0 0 )
"""""" S Y S S R
Fe, 85 8(I) 8(1) 8(1) 0 0 0
Fe, /81 96/ (1) o1y (1 0 0 _ _3(1)_
"""""" O P v S S
Fe, 8b 6(1) 6(1) 6(1) ] 0 0
Fe, /81 96; 5(I) 51) K4} I{1) Y . 0___ _
T s T P R R T o o
Fe, 8h &(1) (1) 8(1) 0 0 0
Fe,/si  96i 9(i) 10(D) &(1) <1(1) _ 0 . _(_) _
"""""" S R S R S S
Fe, 85 8(1) 8(1) 8(1) 0 0 0
Fe,/8i  96i e 8N 6(1) 1(1) 0 9
"""""" 6 La e wm it Twowy e TR
Fe, 85 12(D) 12(1) 12(1) 0 Y 0
Fe, /Si 96/ 11(1) 11(1) 11(1) -1(1) 0 . 0__ :
T S T S o o
Fe, 8h 11(2) 11(2) 11(2) 0 0 1]
Fe,/Si 96 11(H 10(1) 10(1) [U§)] 0 o




Fe,-Fe, : a/2
A e
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Figure 5. (a) The snub cube around each La atom (red) and twenty-four vertexes-

polyhedron. (b) Fej-centered icosahedron. (c) Two icosahedra are

connected by a stella quadrangula with two distances of (3) and (4).

Table 6. Interatomic distances for cubic-LaFe;3.,Si,

Identification code 1 2 3 4 5 6 7
La-Fey (8a-96i, 24X) 3.3542(5) 3.3483(4) 3.3453(8) 3.3409(5) 3.3390(6) 3.3325(7) 3.3238(12)
Fe,Fe, (A)" (85-8b, 54) 5.744(1) 5.737(1) 5.732(1) 5.727(1) 5.723(1) 5,714(1) 5.703(D
Fe-Fe, (A) (8596, 12X)  2.4570(6) 2.4545(5) 2,4533(13) 2.4533(8) 245199 2.4495(12) 2.446(2)
Fe,-Fey, (A)

Intra icosahedron .

(96i-96i, 6X) (1) 2.685(1) 2.684(1) 2.687(1) 2.690(1) 2.688(1) 2.651(1) 2.694(1)
(96i-96i, 24X) (2)  2.5590(6} 2.5560(6) 2.5539(15) 2.5530(9) 2.5518(10)  2.5480(14) 2.543(3)

Inter icosahedron
(965961, 4X) (3) 2.5016(9) 2.4987(8) 2.501(2) 2.5008(13)  2.4983(16) 2.499(2) 2.500(4)
(961965, 4X) (4)  2.4503(8) 2.4444(7) 2.4408(19)  24345(11)  2.4333(13)  2.4257(17) 2.416(3)

* Each Fe-Fe distance is calculated from the lattice parameter and the fractional coordinates.
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Table 7. Crystallographic Data from Single-Crystal X-ray Diffraction Measurements for

LaFegl7](3)Si3,29(6) (8), LaFeg_55(3)Si3_45(-,-) (9) at 3OOK

Identification code 8 9
Crystal system tetragonal tetragonal
Space group I4mcem I4/mem

a (A) 7.9876(11) 7.9834(11)
c(A) 11.646(2) 11.676(2)
Formula weight 3090.9184 3073.152
Volume, A3 743.02(21) 744.17(21)
Z 4 4
deal(g/cm?) 4.160 4.130
Abs. coeff., mm! 23.176 23.14
F(000) 1388 1388
Crystal size, mm3 0.21 % 0.26 x 0.25 0.20 x 0.26 x 0.25
20,...° 56.22 56.22
Reflections collected 2947 1833
Indep. reflections 267 266
R(int) 0.1581 0.5656
Data / parameters 267 /26 266 /26
Goodness-of-fit on F? 1.160 0.621

R1, wR2[I>2s(D)] 0.0359, 0.0801 0.0343, 0.069
R1, wR2(all data) 0.0395, 0.0814 0.0755, 0.0773
(Ar)max, min (e/A3) 2.31/-1.62 1.47/-1.57
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Table 8. Atomic coordinates and equivalent isotropic displacement parameters. U(eq) is

defined as one third of the trace of the orthogonalized Uj; tensor.

Wyck.  Oce. X y z Uleq)
LaFel).ﬂ(s)Sia.za(s) B L2 44 0 0 Va 8(D)
Fe 4p A 0 Yo 9(1)
Fe 16k 0.20152)  0.0647(2) Y o(1)
Fe  16/1) 0.3807(1)  0.1193(1)  0.3214(1)  9(1)

Fe 16(2)  0.178(14) 03243(2) 0.1757(2) 0.1194(2)  10(1)
Si 16[2)  0.822(14) 0.3243(2) 0.1757(2)  0.1194(2)  10(1)

LaFe, 5558tz a5y 9) La  4a 0 0 Vi (1)
Fe 4b % 0 0 7Q1)
Fe 16k 02013(2)  0.648(2) 0 8(1)
Fe  16K1) 0.3808(1)  0.1192(1)  0.1785(2)  8(1)

Fe  162)  0.137(17) 032402) 0.1760(2) 0.3799(3)  8(1)
Si16/(2)  0.863(17) 0.3240(2) 0.1760(2)  0.3799(3)  8&(1)

Table 9. Anisotropic displacement parameters (A% x10%) for tetragonal LaFe;3.,Si,

structure.

Wyck. Uil U22 U33 U23 U13 U12

LaFey53)83206)(8) 12 44 (1) 6y 10(1) 0 0 0
Fe 4b (1) 7(1) 1 o 0 -1(1)
Fe 16k 8(1) 9o1) 1) 0 0 1(1)
Fe 16K1) (1) 9(1) 100) 1D 1(3) -K(D)
Fe 16/2) 8(1) 8(1) 13(1) 01 0(1) 2(1)
Si 16i2)  8(1) 8(1) 13(1) o) 0(1) 2(1)

LaFeys53,Sisqsy (9) La  4a 1) (1) &(1) 0 0 0
Fe 4b 9(1) 9(1) 5(2) 0 0 -4(1)
Fe 16k 8(1) 8(1) 1) 0 0 0(1)
Fe 16K1) 8(1) 8(1) o1) 1(1) -I(1) 1(1)

Fe 16/2) 8(1) 8(1) 9(2) 0(1) 0(1) 0(1)
Si 16[2) 8(1) 8(1) 9(2) 0(1) o(1) 0(1)

* The anisotropic displacement factor exponent takes the form: -2n°[h%a®U,, + ...+ 2 h

kaqu]
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b 167 (1)

Figure 7. (2) Snub cube containing La (center) atom. (b) Two adjacent icosahedra

unit linked by stella quadrangula

Table 10. Interatomic distances in tetragonal LaFe)1.,Si,

Identification code 8 9

La-Fey, (4a-16k, 8<) 3.367(1) 3.372
(4a-16K(1), 8X) 3.293(1) 3.293(1)
(4a-161(2), 8) 3.316(1) 3.312(2)

Fe,-Fe (A) (4d-4d, 12) 5.648(1) 5.645
(4d-4d, 8) 5.823(1) 5.838

Fe-Fe, () (4d-16k, 4) 2.440(1) 2.441(1)
(4d-161(1), 4<) 2.478(2) 2.480
(44-164(2), 4%) 2.424(2) 2.431(3)

Fe,-Fe, (A)

Intra icosahedron
(16i(1)-16/(2), 8X)

(16k-161(1), 8) 2.562(1) 2.566
(16k-161(2), 8)

2.497(2) 2.494(2)

2.566(2) 2.573

{16k-16k, 2X) 2.641(2) 2.641

(161(1)-161(1), 2XX) 2.696(2) 2.691
(161{2)-161(2), 2X) 2.781(5) 2.804

Inter icosahedron 2.391(2) 2.387

(16k-16Kk, 2<)
(164(1)-161(2), 2}) 2.415(2) 2.411
(16k-161(2), 4) 2.505(2) 2.508
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CHAPTER 4

Structure and Bonding in
LaFe;,Si,: a MCE Material

I1. Electronic Structure and Property Relationships.

Mi-Kyung Han," and Gordon J. Miller"*

“Department of Chemistry, Iowa State University, Ames, Jowa 50011

Abstract

Electronic structure calculations have been performed on LaFe,;s,Six systems using
tight-binding linear muffin-tin-orbital (TB-LMTO) method. The effects of a third element on
stabilizing the structure and controlling the transformation of cubic NaZn;3-type structures to
the tetragonal derivative have been investigated. The magnetic properties, such as local
magnetic moments and Curie temperature of LaFe;3.,Six compounds are discussed with

respect to Si concentration.

Introduction

NaZnys-type LaFe3.,8ix compounds have been considered as potential materjals for
efficient magnetic refrigeration, due to its large magnetic entropy change at the Curie
temperature. The Si atoms in LaFe;.,Siy compounds play an important role in stabilizing the
structure and phase formation, as well as influence the physical properties. Systematic

calculations of the electronic structure in the LaFe;3,Si, are of fundamental importance to
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understand the electronic and magnetic properties of these compounds. Present studies have
two aims, namely, that of (a) investigating the influence of main group clements, such as Si,
on structural stability and phase formation, and that of (b) achieving an understanding of the

relationship between their bonding and magnetic properties.

Calculation Methods

The electronic structures of many actual and hypothetical compounds were calculated
self-consistently by using the tight-binding linear muffin-tin-orbital (TB-LMTO) method ™
within the atomic sphere approximation (ASA) using the LMTO Version 47 program.
Exchange and correlation were treated in a local spin density approximation (LSDA).> All
relativistic effects except spin-orbit coupling were taken into account using a scalar
relativistic approximation.® Within the atomic sphere approximation (ASA), space is filled
with overlapping Wigner-Seitz (WS) atomic spheres to best mimic the full potential. The
radii of the WS spheres were obtained by requiring the overlapping potential to be the best
possible approximation to the full potential according to an automatic procedure. The WS
radii determined by this procedure are 4.41 ~ 4.50 A for La, 2.51 ~ 2.60 A for Fe and 2.51 ~
2.54 A for Si. The basis set included La 6s, 6p, 5d orbitals, Si 3s, 3p orbitals and Fe 4s, 4p
and 3d orbitals. No empty sphere is needed. The Léwdin downfolding technique allows the
derivation of few-orbital effective Hamiltonians by keeping only the relevant degrees of
freedom and integrating out the irrelevant ones. The k-space integrations to determine the
self-consistent charge density, densities of states (DOS) and crystal orbital Hamilton
populations (COHP)' were performed by the tetrahedron method®. The Fermi level was

chosen as an internal reference level in all cases.
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Model Structures

The calculations were done on the artificially designed model structures of LaFe;;.
xSy compounds, focusing on “LaFe;3”, LaFe, 151y, tetragonal-LaFeySiy, and “cubic™-LaFeqSi,.
Although, these calculations did not include the cases for x = 1 and 3, still we can investigate
the composition dependence on the electronic and magnetic properties of the LaFe;3,Siy
system. “LaFe;3” is a hypothetical compound, so the lattice parameter is extrapolated from
the trend in lattice parameter vs. Si composition. For LaFe;;Si, and tetragonal-LaFeoSis,
experimentally known lattice parameters and total volumes are used. Based on single crystal
X-ray diffraction refinements and results from extended Hiickel calculations for the
“coloring”of the [Fe;;,Siy] icosahedron, a model for LaFe,;;Si, was created with an
orthorhombic unit cell (space group of Cmea (No. 64)) of ordered atoms (179 atoms/unit cell)
in the structure. 52 k-points in the irreducible wedge of the first Brillouin zone were used for
calculating average quantities. During the iteration procedure the total energy converged to

within 10™ Ryd. Table 1 summarizes the atomic parameters for model structures.
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Result and Discussion

Non Spin-polarized calculation. Figure 1 shows the total densities of states (DOS) and
different partial densities of states for non-spin-polarized calculations on the LaFe;3.,Si,

structure,

In Figure 1, the partial densities of states of the Fey-3 orbitals are shaded in gray,
whereas the Fej-34 orbitals are represented by a thick line. The overall shapes of all DOS
curves are very similar: The most pronounced feature is two broad peaks near the Fermi level.
The structure below ~ - 9 eV is due to mainly Fe s and p states. Between ~ -8.5 eV and Er the
DOS is mainly due to the 3d bands of Fe atoms. The profile of the total DOS is close to the
partial DOS of the Fe;-3d functions, which suggests that the icosahedra dominate the
electronic properties. The structure at ~ 3 eV above Eg corresponds to La 4 fstates. As the Si
concentration increases, peaks around - 10 to - 14 eV occur from the Si s and p electrons. The
primary distinctive features along LaFe;3.,Si, are broadening of the bandwidth and lowering
the value of density of states at the Fermi level, N(Ep) as x increases. Table 2 summarizes the
value of DOS at the Fermi level. These calculations without spin polarization show high
DOS at the Fermi level. Consequently, according to the Stoner criteria’, such a high density
of states at the Fermi level in the paramagnetic phase indicates the possibility of
ferromagnetic behavior, and spin-polarized calculations should be performed to understand

their electronic structures.
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Spin-polarized calculation. Different initial magnetic models, shown in Table 3, were
attempted, but only two models (Model I and Model IV) converged for “LaFe);” (denoted
MOD (1)), both of which retain a ferromagnetic ordering between Fe; and Fey;. For
LaFe;,Si; (denoted MOD (3)) case, all different initial magnetic models give converged with
ferromagnetic ordering between Fe, and Fe;,. For LaFegSis (denoted MOD (5)) also prefer to
have ferromagnetic ordering between Fe; and Fep, which has lower total energy than
antiferromagnetic ordering by 0.04 eV/fu.. These calculations confirm that the interatomic
distance play an important role in ordering of Fe atoms. We will discuss this aspect later on

this paper.

In the ferromagnetic phases the total DOS at Eg is reduced compared to the DOS at
Er in the paramagnetic state, which is caused by a band splitting due to exchange correlation
effects. The total electronic energy showed all magnetic models to be stable than the
nonmagnetic ones for each compound and the total energy difference decreased with

increasing x. The final results for the spin-polarized calculations are listed in Table 4.

Since the quantitative result of TB-LMTO-ASA calculations are sensitive to the
number of k points sampled, atomic sphere radii, and unit cell volume, we have kept these
parameters constant for a given composition to discuss the effect of Si on magnetic
properties. Therefore, later on this paper, we will only discuss about the electronic structures
of MOD (2), MOD (3), and MOD (4).

From our computational results, the substitution by Si in LaFe;3.,Si, compounds leads

to considerable changes in the DOS: (1) There is a monotonic reduction in the DOS at the
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Fermi level Er with increasing x; (2) Er shows continuous increase upon increasing Si
concentration; (3) As shown in Figure 1, the lower part of the DOS drops by nearly 4 eV as
valence s, p orbitals on Si overlaps with mainly 4s, 4p and 34 bands of Fe. In particular, the
Fe 3d - Si 3p overlap leads to a broadening of the Fe; and Fey 3d bands and causes a
decrease in the values of both the majority- and minority-spin DOS values at the Fermi level
(bandwith is inversely proportional to band height); (4) The splitting between the spin up
and spin down DOS curves decrease. In Figure 2, the DOS for LaFe,; shows an almost
filled majority-spin band and half-filled minority-spin band. However, as Si is introduced,
the splitting between spin up/spin down decrease, thus it causes decreases in magnetic

moments.

Table 5 (a) summarizes the integrated DOS for majority-spin and minority-spin states
of the LaFe,3Six compounds. Relative differences in the DOS produce a net moment given
by

m=Y (NE)T-NE) ) (1)

where M(E)T and N(E)| are the integrated density of states of the majority-spin and
minority-spin electrons respectively.'” Chemical substitution for Fe by Si causes to decrease
in Fe-Fe exchange splitting, which contributes to the decrease in magnetization upon
increasing Si concentration. Table 5 (b) shows the average moments at each atom for the
LaFe,3,8i, series. As we can see, the total magnetic moments per formula unit decrease as x
increases. The La and Si atoms have small moments that are oppositely oriented to the Fe

moments. The moments for the Fe; sites decrease most rapidly upon Si concentration, since
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the different Fe moments and their x dependences can be attributed to (1) different local
bonding environments of individual atoms, and (2) charge densities of Fe atoms. Also,
Table 5 (c) reveals a charge transfer from Fe; to Si atoms. Table 6 summarizes the nearest-

neighbor Fe-Fe number in LaFe;3,Si, In “LaFe,3”, the Fe-Fe coordination number for Fe;

sites is 12, and 10 for Fey sites. These coordination numbers of each site decrease
statistically upon increasing Si in the system. So, this dilution of the Fe atoms can be
another reason for the decrease in magnetization upon increasing Si concentration.
Therefore, the low magnetization is caused by the transfer of Fe;-conduction electrons to the
S1 band as well as the rapid reduction of near-neighbor distances and number of near-
neighbor Fe atoms.

—---- Table 6 ——---

Figure 3 shows the partial DOS of Fe, (Fe atom at the center of icosahedron) and Fey,
atoms, focusing on the 3d-orbital contribution. As mentioned before, the main effect of Si is
to expand the Fe 3d bandwidth. Moreover, the 34 band of Fe; shows more significant
broadening by Si introduction than the 3d band of Fey;. These differences arise because near-
neighbor distances for Fe; are shorter than those for Fey atoms, and so the 3d electrons of
Fe; atoms are more delocalized than those of Fey atoms. The Fe; minority spin 3& states are

perturbed to slightly lower energy.
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Relationship between Curie temperature and Si concentration.

The magnetic behavior of LaFe;3.,Siy is complex. The Curie temperatures (T,) of
LaFe)3Six compounds increase with X, although the lattice contracts.'!'? Furthermore, the
saturation magnetization decreases with increasing Si content. It is well known that in rare-
earth-iron intermetallic compounds, the Curie temperature is strongly affected by the
strength of the exchange coupling of Fe-Fe moments which sensitively depends on the Fe-
Fe interatomic distance.'> As Givord e al. have shown the threshold of switch Fe-Fe
exchange interaction between ferromagnetic and antiferromagnetic is 2.45 A. Fe moments
with short bonds (< 2.45 A) are antiferromagnetically coupled while those with long bonds
(= 2.45 A) are ferromagnetically coupled.'* Either an increase in Fe-Fe interatomic distances
or a decrease in the fraction of short Fe-Fe bonds are expected to enhance the overall Fe-Fe
exchange coupling interaction, and consequently the Curie temperature.

Previous investigations have tried to explain the change in Curie temperature for
NaZnys-type intermetallic compounds by analyzing the Fe-Fe interactions, which is
sensitive to the Fe-Fe distance and the number of nearest neighbors,>%! but the underlying
physical mechanism is not well understood up to date.

Based on our own investigation of Fe-Fe bond distances using single crystal
refinement of several LaFe;3.,Six compounds, there are two kinds of bond length variations:
(1) inter-icosahedral contacts shorter than 2.45 A shorten with Si content, and (2) intra- and
inter-icosahedral contacts exceeding 2.45 A show little change with Si content (some even
expand). Similar Fe-Fe bond distances were also found in several ferromagnetic and
antiferromagnetic materials, listed in Table 7. Although the shortest Fe-Fe distances are

close among several different materials, we see a range of magnetic interactions. Therefore,
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relatively short Fe-Fe distances do not necessarily imply antiferromagnetic ordering
between nearest Fe-Fe interactions. Extensive investigations of volume effects in several
interstitial*? and substitutional modifications® of RyFey7 and RFe;;.,M, compounds have
also shown that antiferromagnetic interactions are not simply related to short interatomic Fe-
Fe distances.

—————— Table 7 —----

However, analysis of interatomic distances shows that the fraction of contacts shorter
than 2.45 A decreases upon increasing Si content, see Figure 4, which reduce the effect of
antiferromagnetic Fe-Fe exchange interactions and leads to an increase in the Curie
temperature.

------ Figure 4 ------

There are more appropriate theories, such as the spin fluctuation theory of Mohn a;ld
Wohlfarth, to describe the Curie temperature enhancement in terms of changes in the
electronic structure. Mohn and Wohlfarth explained the large increases of Curie temperature
for substitutional modifications of Re,Fe,; by a decrease in spin fluctuations, which is
caused by lowering the density of states at the Fermi level upon substitution.* n order to
explain qualitatively the increase of T, in LaFe;3,Si,, we can also use the following relation
obtained for iron-rich alloys in the spin-fluctuation theory of Mohn and Wohlfarth,

M;

I, ~——5— (2)
101”; X

where M, is the magnetic moment at 0 K and Xo1s the exchange-enhanced susceptibility,

given by*®
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1 1 1 1
—_— —27 3
2 Ey TATAR ©)

where Ny(Er) and N((EF) are the majority- and minority-spin density of states at the Fermi

energy. / is a measure of the strength of the exchange interaction in the metal and M, 1s the
Bohr magneton. For LaFe,.,Si,, the value of M, are close to each other (+ ~2 up deviation

for experimentally measured magnetic moments'?), therefore X, 1s the determining factor

for the Curie temperature variation in Eq. (2). Since the parameter 7 is known to be rather
constant regardless of the local environment of Fe in the alloys,® the quantitative behavior
of %, in Eq. (3) is determined mainly by the quantities N.(E.) and N,(E,). According to
the results of spin-polarized calculation, shown in Table 3 for the substitutional alloys

LaFe;3.4Siy, the total DOS at the Fermi level decrease upon Si concentration. Therefore, this

leads to an increase of T,.

Structural transformation from cubic to tetragonal.

When atomic ordering occurs, the cubic phase transforms into the tetragonal one.
Based on our bond distance analysis, we found that there are two kinds of interaction
between the icosahedra in the structure, as shown in Figure 5. The dominant distinguishable
interactions on the ab plane are Feyy -Fey; interactions, whereas on the ac plane Fey-Si
interactions are dominant. As we mentioned before that the Fe;/Si-Fey/Si bonds between
icosahedra show largest contraction upon increasing the Si concentration. This directional
interaction can be explained by a COHP analysis. As shown from the COHP curves in Figure

3, the Fe-Si bond is nearly optimized with no Fe-Si antibonding states occupied, whereas the
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Fe-Fe contact has some antibonding character at the Fermi level. This bonding character

within ac plane induces the shorter c-axis than /2 a, while further drives the structural

transformation.

On the space groups of room- and low-temperature modifications of LaFe,.,Si,.

Bond distance analyses of single crystal diffraction studies of LaFe;;. Six alloys show

some kind of structural perturbation while preserving the Fm 3¢ space group near the Curie
temperature. Statistical analysis of diffraction data cannot rule out a non-centrosymmetric
F43cspace group for these cubic phases. In this space group, each icosahedron loses its
inversion center. Taking into consideration these results we deemed it valuable to analyze the
electronic structure of LaFe)1.,8ix in order to correlate it with the large magnetic entropy
change at the Curie temperature. Table 8 lists the crystal parameters used in this calculation.
The radius of each atom is obtained by requiring that the overlapping potential be the best
possible approximation to the full potential, and is determined by an automatic procedure.?’
The Wigner-Seitz radii of each atom are nearly equal for two different space groups. The
total energies of two possible space group of LaFe;314Siy using two different parameters

(parameters at room temperature and low temperature) were calculated and the results are

summarized in Table 9. At room temperature, the F43c is slightly more stable than Frm E’»c,
but the energy difference is less than 1K/formula unit, which implies there is no energetically

gaining energy by lowering symmetry. However, near the Curie temperature, it shows still
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the F43c¢ is more stable than Fm éc but the energy difference is more than 0.08 eV (~ 950 K),

which means that we cannot neglect the space group of F43¢ at lower temperatures.

ww-une Table 8, Table 9 ------

Conclusion

Electronic structures of many actual and hypothetical compounds of LaFe;3,S1, were
calculated using tight-binding linear muffin-tin-orbital (TB-LMTO) method. The main
results of present work are summarized as follows.

1. The main group elements, Si atoms, stabilize the structure by contributing their 3p
orbitals to hybridize with Fe-3d orbitals, thus cause decrease in the DOS at the
Fermi level Er.

2. Calculated magnetic moments decrease with Si concentration, because of the rapid
reduction of near-neighbor distances and number of near-neighbor Fe atoms, as
well as the charge transfer of Fe-conduction electrons to the Si band.

3. Using the spin-fluctuation theory of Mohn and Wohlfarth, the increases in Curie
temperature of these compounds can be understood.

4. By comparing relative total energies of two possible space groups in cubic LaFes.

«Siy system, the F43¢ is more stable than Fm éc near Curie temperature. Therefore,
the giant magnetocaloric effect of cubic LaFe;3.xSi, alloys results from coupling

between magnetic ordering and structural transformation
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Figure 1. Total density of state (DOS) for non spin polarized LaFe;3.48ix.(a) MOD (1), (b)

MOD(2), (c) MOD(3), (d) MOD(4), and (¢) MOD(5). Dashed lines represent

for Fermi level (Ep).
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Table 2. The value of N(Er) of non spin-polarized calculation for LaFe;3.xSix

H |
MOD(1) {MOD(2) MOD@3)  MOD(4) | MOD(5)
i .
N(EF), states/eV-fu.  40.9467 : 28.6078 22.2728 15.1787 : 22.4209
Fermi level, eV -2.1427 i 25619 -2.2924 -1.9409 i -2.0408

Table 3. Four models of magnetic ordering. Two different arrows represent opposite

magnetic moments.
La Fe; Fey
Model I 1 0 1
Model II 1 0 !
Model 111 0 ! 1
Model IV 1 1 !
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Table 4. The value of N(Er) of spin polarized calculation and relative total energy.

MOD(1) ! MOD() MOD(3)  MOD () ' MOD(5)
N,(EF),states/eVefu,  4.65 : 7.85 8.40 7.00 ' 9.51
. .
N,(EF).states/eVefu.  7.00 . 8.60 745 7.65 . 6.01
N(EF),states/eV+f.u. 11.65 ; 16.45 15.85 14.65 E 15.51
AEcrinspins €V/EL 0.0826 : 0.0552 0.0479 0.0336 :' 0.0247
Fermi level, eV -1.9802 : 23843 2.1718 -1.8322 ' 2.0127
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Figure 2. Total density of state (DOS) of spin polarized LaFe;3.,Si,. (a) MOD(2), (b)
MOD(3), and (c) MOD(4), Dashed lines represent for Fermi level (Er), set to
zero. Positive values correspond to the majority spin band negative values to
the minority spin band. The shaded areas are the partial DOS contributions from

Si atoms.
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Table 5. (a) Integrated density of states (IDOS), (b) Calculated magnetic moments (ug),

and (c) Charge occupancies of LaFe)3.Six.

MOD (2) MOD (3) MOD (4)

LaFe,; LaFe,,Si, LaFe,Si,

(2) Integrated density of states (IDOS)

1DOS, spin up 67.75 59.70 53.12
IDOS, spin down 39.25 39.30 37.87
A (spin up - spin down) 28.50 20.40 15.25

(b) Calculated magnetic moments (u)

Ia -0.4869 10.3944 L0.2667

Fe, 17785 14239 0.9728

Fe, 22695 1.9601 1.8557

Si . 0.1228 -0.0790
Mag.Mo;rnia:/fonnula 28.18 2045 1524
Average Fe Ms (1) 22317 19113 17575

(¢) Charge Occupancies of each atoms

La 2.8113 2.9732 3.1233
Fe, ~0.3158 0.3704 0.4521
Fe, -0.2606 -0.226 -0.2034

Si 0 -0.5251 -0.4872
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Table 6. The nearest-neighbor Fe-Fe number in LaFe 3.xS1x

Fe, Fe,

MOD (2) 12 10
MOﬁ (3) 10 gor9

8 7

MOD (4)
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Table 9. Crystal parameters used in the calculation. Lattice constants are taken from

actual experiment.

Temperature, °C 25 -50
Lattice parameter, a (A) 11.4881 11.4680
 Wigner-Seitz sphere radil, (A) - o
La 2.234 2230
Fe, 1.386 1384
Fe, 1.379 1.376
Space group
x, y and z parameters x=00 x=0498 x=00 x = 0.4967
y=0.1169 y=0.1169 y=01169 y=0.1168
z=0.1791 z=10.1791 z=10.1793 z= 0.1792

Table 10. The calculated total energies for two different space group at two different

temperatures.
Room Temperature Low Temperature
AE(F?zsc-Fmic) (F43c—Fm3)
Lattice parameter (a) 11.4881 11.4680
Total By mago®V -0.0005 -0.087

Total E_, .eV -0.0030 -0.0143




101

CHAPTERSS

RE, ,Fe,Siisy (RE = Y, Gd-Lu) Intergrowth Structures:

Superstructures, Properties and Electronic Structure

Mi-Kyung Han,” Yagiao W, Gary John Long®, Matthew Kramer®, and Gordon J. Miller"*
? Department of Chemistry, Iowa State University

® Department of Materials Science and Engineering, lowa State University
¢ Department of Chemistry, University of Missouri-Rolla

Abstract

New ternary rare-earth iron silicides RE;.<Fe;Siiay (RE =Y, Gd-Lu) were synthesized
by arc-melting the elemental components. These compounds crystailize in the hexagonal
system with 2 = 3.9 A, ¢ = 15.3 A. The structures are built up of rare-earth silicide planes
with approximate compositions “RE; 281, ¢ alternating with p-FeSi,-derived (hkl)-type slabs.
The rare-earth silicide sheets show intrinsic disorder of RE and Si atoms due to interatomic
distance constraints. Investigation by transition electron microscopy (TEM) reveals a
superstructure in the crystallographic ab-plane. Fe Mossbauer studies to understand the iron
environments in superstructure are currently in progress. Magnetic susceptibility suggests no
magnetic coupling between rare-earth elements, and resistivity measurements indicate poor
metallic behavior with a large residual resistivity at low temperatures (consistent with
disorder). TB-LMTO-ASA electronic structure calculations show the Fermi level falls at a

pseudogap in the densities of states.
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Introduction

In recent years numerous ternary rare-earth iron silicides have been synthesized, and
many of them exhibit interesting properties'?, such as superconductivity’, heavy-fermion
behavi0r4'5, Kondo effecté, or valence fluctuations’™, Therefore, these compounds provide
the opportunity for better understanding of the many interesting physical properties that arise
from the variation of the interplay between the f~electrons of the rare-earth element and the
conduction electrons, as well as the contribution of 3d-band electrons to itinerant magnetism.
Another interesting category of silicides is semiconducting silicides in particular those with a
direct gap and a bandgap energy smaller than that of silicon because of their potential
applications in the electronics and energy-conversion fields. The direct gap silicides that has
attracted most attention so far is iron disilicide due to the availability of the components iron
and silicon and the low-toxicity of the compound, as well as its fairly good lattice match to
silicon.”'® Much effort has been made to modify optical or transport properties of these
materials as well as develop new alternative materials. Here, intermetallic compounds with
high contents of silicon offer an interesting alternative. Especially, if homogeneous temary
silicides phases can be formed from these semiconducting materials and isomorphous
metallic silicides, it should be extend the possibility of tuning the properties of these
materials.

For the time being, more than 100 rare-earth iron silicides are known, and they
crystallize in more than 20 different crystal structures.'’ However, most of the known ternary
rare-earth iron silicides have lower silicon contents, e.g., REFe,Si; with the BaAls- type
structure, and RE;FesSis with the ScyFesSis - type structure. The RE; Fe4Sij4y compounds

reported here have higher silicon content.
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In the course of our investigations of ternary rare-earth {ransition-metal intermetallics,
we prepared the series RE;..FesS114.y, These compounds were initially prepared as part of a
project to explore rare-earth fransition-metal silicides with interesting magnetocaloric
properties. Y,Fe,Sig'? is very similar to the structure reported here, however the atomic
position of one site is different from that found in this structure. The structure of these
ternary compounds may be viewed as consisting of atomic layers of two kinds stacked along
the c-axis. One kind, designated RE-M layers, contains all of the rare-earth (RE) and some
main group elements (M); the other layer, designated T-M layers, contain all of the transition
metal atoms (T} and the remaining main group elements. In searching the literature, similar
atomic layered topologies have been found in several series of ternary intermetallics of the
rare-earths (RE) and transition metals (T) with triels (group 13: Al, Ga). Varnious aspects of
these structures have been briefly reviewed by W. Jeitschko.'?"> In Table 1, we give a
summary of crystal structures that have a similar layered topology. Almost all of these
structures were refined m a hexagonal space group.

~remwr Table 1 ~wem--

This structure is isotypic with those of the Scl,zFe4Si9_9166xcept slight difference in the
occupancies of the partially occupied sites. Furthermore, no observation was made for the
superstructure in Sc ;FesSig ¢ compound. We report herein ternary rare-earth compounds
with high silicon contents, and show that they exhibit interesting superstructure behavior. In
addition to the planar rare-earth silicide net, these compounds contain (#4])-type slabs based
~ upon B-FeSi,. Tﬁe addition of Si-based ternaries to this class of intergrowth intermetallics
compounds is important because B-FeSi; has potential applications in solar cells and

optoelectronic devices due to its semiconducting properties with a direct gap of about 0.79
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eV. Therefore, tuning this band gap by varying the RE element in the structure may be
possible. We also report on our results of electronic structure calculations. Subsequently, we
focused our efforts on understanding their electrical and magnetic properties, and their
structural characteristics, such as what “drives™ the particular superstructure? Clearly, a
better understanding of the properties of these materials requires a better understanding of the

structure and the nature of the possible disorder.

Experimental

Synthesis. New ternary rare-earth iron silicides RE;.,FesSiisy (RE =Y, Gd, Tb, Dy, Ho, Er,
Tm, Yb, and Lu) were synthesized by arc-melting the stoichiometric quantities of elements
on a water-cooled copper hearth using a tungsten electrode in an atmosphere of ultrapure
argon gas. The starting materials (rare-earth elements, (Ames Lab Rare-Earth Metals
Preparation Center, 99.99 ~ 99.9999 %); Fe chips (Aldrich, 99.98 %); Si pieces (Aldrich,
99.5 %)) were pre-arc melted to remove impurities such as oxygen on the surfaces of the
elements. During the arc-melting procedure, a titanium or zirconium pellet was heated prior
to melting the reactant mixture to further purify the argon atmosphere. The samples were
remelted several times in order to promote homogeneity, and weight losses during the arc
melting process were found to be less than 1-2 wt.%. All of these ternary silicides are stable

in air for long perjods (more than 2 years) and show silvery metallic luster.



105

Chemical Analysis. Qualitative analysis was a routine test on interesting samples obtained
from our synthetic work. The chemical compositions were analyzed by Energy Dispersive
Spectroscopy (EDS) quantitative analysis using a JEOL 8400A scanning electron microscope,
equipped with an IXRF Systems Iridium X-ray analyzer, and these compositions
complemented the results from single crystal X-ray analysis. Samples for accurate
quantitative analysis required a flat, microscopically smooth surface to maintain the vahdity
of the path length calculation and to assure that the surface to be analyzed was homogeneous.
The sample surface was polished by sandpaper and fine leather. Samples were inspected by
back scattering and topological modes to determine the sites for elemental analysis.
Whenever possible, the bulk compositions were used as standards to reduce any matrix
effects in the analysis. Otherwise, well-defined stoichiometric binary component and the pure
elements were used as standards. Table 2 summarizes the standards that used in this analysis.

e Table 2 —-—

Microstrueture characterization. A Philips CM 30 transmission electron microscope (TEM)
has been employed for TEM/high resolution TEM (HRTEM) investigations. TEM samples

were prepared by using crash-flow method.'®

Structure Determination. The samples were characterized by single crystal and powder X-
ray diffraction (XRD) techni_ques at ambient temperature. The powders of all samples are
dark gray. The powder diffraction patterns of the samples were obtained with a Huber image
plate camera equipped with monochromatic Cu K, radiation (A = 1.540598 A). Powdered

samples were homogeneously dispersed on a Mylar film with the aid of a littie petroleum
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jelly. The step size was set at 0.005° and the exposure time was 1 hr. Data acquisition was
controlled via the in-situ program. The lattice parameters of REz Fe4Sijsy (RE=Y, Gd - Lu)
were obtained from least squares refinement with the aid of a Rietveld refinement pro gram'’
and summarized in the Table 3. A block-like single crystals (overall crystal dimension: 0.1 ~
0.2 x0.1~0.2 x 0.1 ~0.3 mm°) were selected from the product and was mounted on glass
fibers. These diffraction experiments utilized a Brucker APEX CCD-diffractometer equipped
with monochromated Mo Ko radiation (A = 0.71073 A), and diffraction data were collected
at room temperature over a hemisphere or full sphere of reciprocal space with 0.3° scans in @
and with an exposure time of 10 sec per frame up to 26 = 56.55°. Intensities were extracted
and then corrected for Lorentz and polarization effects using the SAINT prog,ram.18 The
program SADABS" was used for empirical absorption correction. Structure refinements

(full-matrix least-squares on F*) were performed using the SHELXTL-PLUS progra:ms.20

Electronic Structure Calculations. The electronic structures of hypothetical compounds
were calculated self-consistently by using the tight-binding linear muffin-tin-orbital (TB-
LMTO) method?'?* within the atomic sphere approximation (ASA) using the LMTO Version
47 program. Exchange and cotrelation were treated in a local spin density approximation
(LSDA).* All relativistic effects except spin-orbit coupling were taken info account using a
scalar relativistic approximation.?®

Within the atomic sphere approximation (ASA), space is filled with overlapping
Wigner-Seitz (WS) atomic spheres. The radii of the WS spheres were obtained by requiring
the overlapping potential to be the best possible approximation to the full potential according

to an automatic procedure. The WS radii determined by this procedure are 4.41 ~4.50 A for
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rare-earth elements, 2.51 ~ 2.60 A for Fe and 2.51 ~2.54 A for Si. The basis set included 6s,
6p, 5d orbitals for the rare-earth element, 3s, 3p orbitals for Si and 4s, 4p and 3d orbitals for
Fe. The Lowdin downfolding technique allows the derivation of few-orbital effective
Hamiltonians by keeping only the relevant degrees of freedom and integrating out the
irrelevant ones. The k-space integrations to determine the self-consistent charge density,
densities of states (DOS) and crystal orbital Hamilton populations (COHP)*” were performed
by the tetrahedron method®®. The Fermi level was chosen as an internal reference level in all

Ccases.

Physical Properties Measurements

Magnetic Measurement. DC magnetization data were collected using a Quantum
Design MPMS (QD-MPMS) superconducting quantum interference device (SQUID)
magnetometer with a 7 T superconducting magnet. Measurements were made usually on
pieces of polycrystalline material (5-150 mg) in applied fields of 0.1~1 T, at temperatures
from 1.85-300K.

Resistivity Measurement. The electrical resistance in zero field was measured with a
Linear Research LR-700AC resistance bridge (f= 16 Hz, /= 1~3 mA) in the magnetic field-
temperature environment of the same QD MPMS system, using a standard four-probe

technique.
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Result and Discussion

A series of polycrystalline rare-earth iron intermetallic compounds RE; xFesSijay (RE
=Y, Gd - Lu) has been prepared by arc melting. X-ray diffraction only showed reflections
due to the Sc, ;FesSig o-structure for Gd, Tb, Dy, Ho, Er, Tm, Lu, and Y, but the ytterbium
compound contains iron disilicide as secondary phases. The lattice parameters obtained from

these data are listed in Table 3.

The plot of the cell volumes, shown in Figure 1, reflects the well-known lanthanide
contraction and does not show any significant discontinuities. We have found this structure
type only for the heavier lanthanides, while the lighter lanthanides adopt different structures
such as NaZn;s, and ThMn;,. This might be explained by a size argument since the early
lanthanide atoms are considerably larger than the late ones. Frequently, the structures of the
compounds involving the early and the late lanthanides differ due to different coordination
numbers (CN) of these atoms. For example, the rare-earth atom has CN 24 in the NaZn,3-
type structure, while in RE; yFe4Siy4.y, the rare-earth atomic positions have six irons and 11
silicon neighbors yielding CN 17. Therefore, the light rare-earth elements prefer to have
large CN, whereas the heavy rare-earth elements adopt this structure with smaller CN. (Note:
There are several different factors controlling the formation of NaZnys-type structure and

discussed in previous chapter 3}

Structure description
Temary rare-earth iron silicides RE;..FesSiiy RE =Y, Gd, Tb, Dy, Ho, Er, Tm, Yb

and Lu) crystallize in the hexagonal space group P63/mmc (No. 194) at ambient temperature.



109

Among the five crystallographic sites identified in the structure, only three of which 41 (1/3,
2/3, z), 47 (1/3, 2/3, z), and 4e (0, 0, 2) sites are fully occupied by Fe and Si(1) and Si(2)
atoms, respectively; The other two sites 2d (2/3, 1/3, ¥4) and 6% (x, y, ¥) are assigned to RE

and Si(3), respectively.

Figure 2 shows a representation of the crystal structure of RE; ,FesSijay
perpendicular to the b axis, and emphasizes each atomic layer. The crystal structures of these
ternary compounds consist of two alternating building blocks along the c-axis: (1)
intrinsically disordered rare-earth silicide planes; and (2) ordered B-FeSir-derived slabs.
However, the chemical bonding within and between the layers in the structure is of similar

strength, based on interatomic distances.

p-FeSi,-derived slabs

Figure 3 shows the FeSi; structural motif found in this series of compounds and
compares it to that of B-FeSi,. Semiconductor p-FeSi; crystallizes in the orthorhombic
structure with the space group Cmca and the unit cell parameters a = 9.863, 5= 7.791 and ¢
= 7.833 A. In Figure 3c shows the Fe arrangement in (001) planes of RE; FesSiisy to be
régular, which differs from the (111) projection of Fe planes in B-FeSi; due to Fe-Fe bonds.
FeSi, slabs in both structures are constructed by placing Fe atoms in one-half of the
interstices of a cubic array of Si atoms. Iron atoms in this layer has highly distorted cubic
environment and these distorted cubic share their edges, shown in Figure 3¢. The Fe-Si
interatomic distances found in this structure range between 2.3 and 2.6 A, which well match

to those of B-FeSiy. In B-FeSiy, for example, Fe and Si atoms are separated by 23-24A. In
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addition, the sum of the covalent radii of Si (1.17 A) and Fe (1.24 A) gives an expected

interatomic distance of 2.41 A, which is close to our experimental Fe-Si distances.

Disordered RE/Si planes

The RE atoms at the 24 (2/3, 1/3, ') sites and silicon atoms at the 6k (x, y, Y4) sites
form a disordered atomic plane with a triangular pattern, shown in Figure 4. The disorder
occurs because simultaneous occupation of every Gd site and every Si(3) site would create
physically unacceptable Gd-Si(3) distances, 1.355 A, as well as Si(3)-Si(3) distance within a
triangle of 1.604A. As a result, the occupancies of the RE and Si(3) atoms refer lower than
the full amount allowed by that specific crystaliographic position to partial occupancies of ~
60 % for the RE site and ~ 31 % for the Si(3) site. Therefore, these rare-earth silicide planes
have approximate compositions of “RE; 2811.9™. Similar types of disorder among RE and
main group {M) atoms in RE/M planes were observed in several different systems, such as

RE/PY/Ga®, RE/NI/Ga/Ge™’, RE/Co/Ga®', RE/Os/AI?, and RE/Ru/Ga>.

Details of the single crystal data collection parameters and crystallographic
refinement results for RE;FeSijay (RE =Y, Gd-Lu) are listed in the Table 4. The resulting
occupancies and atomic parameters are listed in the Table 5. The refined chemical formula is
in good agreement with the composition obtained by the elemental analysis.

------ Table 4 and Table 5 ----—
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Superstructure

The intrinsic disordering of the RE and Si(3) sites suggests that the unit cell found
might be a subcell of the true cell and that a superstructure with ordered RE and Si(3) sites
may exist. The numerous attempts to fit larger cells were made, e.g. Kwei, et al > suggested
a supercell with tripled in @ and b relative to the observed unit cell of Ce;PtsGdis, and

Kanatzidis, M., et al.>* and Jeitschko, W., et al.*® independently reported an atomic ordered

superstructure with a \/5 larger a axis in Yq 67N12Gas.xGe, and RE;PtsAljs compounds,
respectively.

The TEM picture and STOE image plate picture of RE;..Fe4Siis.y (RE = Gd and Y)
are indicative of regular arrangement of RE and Si atoms, and provide useful information in
understanding the crystal structure of these compounds. Typical HRTEM image for Gd, ,Fe4

Sig ¢ and Y) 2Fe4 Sio g are shown in Figure 5b, and 5e, respectively. The HRTEM results of

Gd; »Fe4 Sigg along [11 2 0] (Figure 5c¢) and the corresponding selected area electron
diffraction pattern (SAEDP) shown in Figure 5b indicate a d-spacing between (0002) planes
of about 7.67 A, which is one-half of the crystallographic c-axis. This result is consistent
with two disordered Gd/Si(3) layers in a unit cell. A 2H layered structure is identified based
on the indexed SAEDP. The HRTEM image obtained along {0001] (Figure 5c and 5¢) and
the comresponding indexed SAEDP, shown in Figure 5d and 5f, reveal strong hexagonal
subcell reflections with rather weak superstructure reflections from 4a x 45 supercell in the
crystallographic ab plane. Apparently, four-fold hexagonal axis has not been observed for the
other nearly isotypic compounds.

TEM characterizations on samples of Dy/Fe/Si, Ho/Fe/Si, Tb/Fe/Si, Yb/Fe/Si,

Y/Fe/Si, Lu/Fe/Si, Er/Fe/Si, and Tm/Fe/Si also indicate that all these samples have 2H



112

layered structure along [11 EO] orientation, as same as that of Gd/Fe/Si compound, as whown

in Figure 6a - 6h, respectively.

Figure 7 shows STOE images of Gd, 2Fes Sigs along [100] and [010]. Weak streaks
are observed along the c*-axis of the reciprocal unit cell, thus indicating of irregular
nonperiodic stacking of Gd/Si(3) planes along the hexagonal axis. However, the [100} and
[010] picture further confirm the existence of 2 supercell structure. Therefore, we conclude
from these results that the Re/Si(3) planes have a 4a x 4b superstructure within the ab-plane,

but that this shows stacking disorder along the c-axis.

An ordered model of “RE, 2Si;¢” plane

Because of the diffuse character of X-ray diffraction intensity along the c* axis, it
was not possible to refine a superstructure model. Thus, we can only postulate a possibie
superstructure model. The ordered model structure is shown in the right-hand part of Figure 8.
This model required a lowering of the crystal symmetry from P63/mme (no. 194) to P6:/m
(no. 176). In each 4a x 4b supercell plane, this model involved removing 7 Gd atoms and 33
Si(3) atoms from [GdSiz]is, which resulted in a hexagonal superstructure with a cell content
of Gd; 2sFesSigg7s, and is very close to the observed composition Gdi 2001yFe4Sio ss(4) obtained
from the structure refinement and EDS. The superstructure have an ordered arrangement with
regular interatomic distances, i.e. 2.861A for Gd-Si(3) and 2.346 A for Si(3)-8i(3). This Gd-

Si(3) plane contains Si-Si dimers and a trimer in a regular pattern. Since these layers are
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7.67A apart, these layers are randomly positioned relative to the remainder of the structure
between the Gd-Si(3) layers. Therefore, this shows ordered two-dimensional structure with

disordered along the c-axis.

The corresponding supercell structure belongs to the space group P63y/m (no. 176)
with lattice parameter of a' = 15.8064 A and ¢’ = ¢. From a simulated precession pattern
using the ATOMS Version 5.0.7 program, we can see that this superstructure model gives a
similar diffraction pattern as shown in SAEDP picture, see Figure 9. Middle figure at Figure
9 emphasize the similarity between them. It has a hexagon at the center with six triangles in 1t.
However, it shows small variation of intensities of peak because the intensity can be varied

by ordering of the atoms.

The RE atoms are coordinated to 6 iron atoms and 11 silicon atoms and occupy the

~ center of the trigonal prism of Si atoms with all faces capped with Si(3) and a trigonal prism
by 6 Fe atoms, shown in Figure 10. The Gd-Si bond distances are 2.860, 2.913 and 3.139 A
and Gd-Fe distance is 3.163A. There are two kinds of coordination around the Fe atoms,
shown Figure 11. One Fe atom is eight-coordinate, the other is seven coordinate, and these
cubic shares their edges. To investigate different Fe environment in the structure, iron

Mbssbauer spectroscopy is currently in progress.

Electronic Structure and Bonding Relationships

To understand the possible chemical bonding features influencing the stability of
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RE; FesSii4y system, TB-LMTO-ASA electronic structure calculations were performed on
“YFe,Si1o” as the representative composition due to avoids the contribution of 4f orbitals of
rare-earth elements, and on B-FeSi; as a comparison. YFe,Si;o has monoclinic P2; space
group and ordered Y and Si plane. B-FeSi, is well known as a semiconductor with the band
gap of 0.79 eV. Interestingly, TB-LMTO-ASA electronic structure calculations for
“YPFe,Si;¢” show the Fermi level falls near a pseudogap in the DOS curve. Considering the
similarity of overall shape of DOS curve to that of B-FeSi,, it may show similar properties.
Indeed physical measurement shows it as a poor metal. In addition, the effects of substitution
of other lanthanide elements on the electronic structures and their properties are currently in

Progress.

Physical Properties Measurements
----—- Figure 13 ~-—--

Figure 13 shows the temperature dependence of the magnetic susceptibility and its
inverse for a polycrystalline sample of Gd, 5FesSig g measured between 1.85 K and 300 K.
From these data there is no clear indication of magnetic order down to 1.85 K. A least-
squares fit of the Curie-Weiss law yields an effective magnetic moment gerr = ~8.1/up/f 1.,
which is slightly higher than the theoretical value for isolated Gd atoms (7.94/pg). This
suggests that there is little contribution from Fe atoms to the magnetic moment in the

compound, and no magnetic coupling between rare-earth elements down to <2 K. It follows

the Curie-Weiss law down to 50 K with a Weiss temperature of —12 K. The effective
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magnetic moments for each RE ion in RE;.<Fe4Si) 4 as extracted from fits to y(T) are listed

in Table 6 and compared to the corresponding free ion values.

No magnetic ordering for each rare-earth samples are observed to the lowest
temperatures measured, shown in Figure 14. Reciprocal susceptibilities of each rare-earth
sample are plotted as a function of temperature in Figure 15. All samples show similar 1/y vs.
temperature plots.

------ Figure 14 and Figure 15 ------

Figure 16 shows the normalized resistivity for a polycrystalline sample of
Gd, ,FesSig 5. Resistivity measurements indicate poor metallic behavior with a large residual
resistivity at low temperatures which is attributed to the disordered structure. This result is

consistent with the results from electronic calculations.

Conclusion

We synthesized new ternary rare-earth iron silicides RE;..FesSijs.y (RE =Y, Gd-Lu)
by arc-melting the elemental components. The structures are built up of disordered rare-earth
silicide planes with approximate compositions “RE; ;Si; ¢” alternating with B-FeSip-derived
(hkD)-type slabs. On the basis of the transition electron microscopy, an ordered arrangement
of these planes with a supercell of 4a x4a was proposed. Fe Mossbauer studies to understand
the iron environments in the superstructure are currently in progress. Magnetic susceptibility

suggests no magnetic coupling between rare-earth elements. Electrical conductivity
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measurement indicates poor metallic behavior of these compounds, which is in good
agreement with the theoretical ones calculated for ordered superstructure model using TB-

ILMTOQO-ASA electronic structure calculations.
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Table 3. Lattice constants of RE;_,FesSij4y (RE =, Gd - Lu) obtained from X-

Rare-carth a(A) ¢ (A) V(A%
Y 3.9397(1) 15.3014(1) 205.681(2)
Gd 3.9557(1) 15.3194(3) 207.247(6)
Tb 3.9404(1) 15.3084(2) 205.847(4)
Dy 3.9370(1) 15.2913(2) 205.258(5)
Ho 3.9353(1) 15.2657(2) 204.754(5)
Er 3.9326(1) 15.2873(2) 204.734(5)
Tm 3.9280(1) 15.2483(4) 203.751(9)
Yb 3.9225(1) 15.2696(3) 203.459(7)
Lu 3.9298(1) 15.2833(1) 204.402(2)
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Table 5. Atomic parameters of RE;.xFesSijqy (RE =Y, Gd-Lu)

Atom Wyck Oce, x ¥ z Uleq)
Yy 210)F €450 ey Y 2d 0,606(5) 213 13 Y (1)
Fe s 173 213 0.3925(1) (1)
5i(1) 4 213 173 0.4543(1) (1}
5i(2) fe 0 0 0.6326(1) 8(1)
........................... MO | o | o) # )
G, 501yFe,Sig g51) Gd 2d 0.598(3) 23 113 % (i)
Fe & 173 213 0.3928(1) ()
Si(1) ¥ 273 113 0.4546(1) 1)
5i(2) 12 . 0 0 0.6320(1) 5(1)
...... 8i(3) oh 0.313(7 0.0627(17) 0.5313(9) v 15(2)
Thy 190)F€Sig 515, To 2d 0.596(4). ' 213 13 Y (1)
Fe i 113 273 0.6073(1) 5¢1)
si(1) ¥ 23 13 0.5456(2) 6(1)
Si(2) fe 0 0 0.6325(2) &(1)
________________________ Si(3) &h 0.318(8) 0072020)  0.5358(11) Y 18(2)
DY, 1605F4Si10.020) Dy 2d 0.578(3) 213 13 % 5(1)
Fe s 143 23 0.6075(1) 6(1)
5i(1) 4 23 173 0.5457(2) 1)
5i(2) Je 0 0 0.6329(1) (1)
................................. SE).,.,. 0 oW oomoay | oss®) % 20)
HoquFe‘,Si,M,,) Ho 2d ' 0602(3) 213 h 13 v 6(1)
Fe i 173 23 0.6077(1) 6(1)
8i(1) i 213 113 0.5455(1) 6(1)
Si(2) 4e 0 0 0.6332(1) (1)
e, SO0 00 o%e) | essu®) % @)
Ery g50)Fe4Sig 5o Er 2d 0.523(3) 2/3 i3 Y ()
Fe 4 173 213 0.6078(1) &(1)
Si(1) 4 23 13 0.5456(1) 6(1)
8i(2) fe 10000 0 0.6331(1) (1)
................ SE) 0036 s 053 e MO
Tm 510yFe,Sig g5y Tm 2d 0.605(4} 23 /3 Y 5(1)
Fe i 1/3 b1 0.392001) 5(1)
8i(1) i 213 173 0.4547(2) 6(1)
Si(2) fe 0 o 0.6338(2) 1)
............... HO)LLLLLL0e | oomoen) | esdy A B
Yby mryFe Sio srca Yb 2d 0.535(3} 273 113 Y% (1)
Fe i 1/3 3 0.6072(1) (1)
8i(1) i 2 173 0.5454(1) 7(1)
8i(2) fe 0 0 0.6319(1) (1)
s SO LG DA A0 LR
Luy 5y 5)Fe Sig 760, Lu 2d 0.606(3) 213 13 Y (1)
Fe i 21 173 0.6082(1) 5(1)
Si(1) i /3 213 0.5456(1) (1)
Si2) de 0 0 0.6343(1) w1y

Si(3) 6h 0.204(7) 0.0704(16) 0.4643(8) Y% 11(2)
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Figure 6. SAEDPs of Dy/Fe/Si (a), Ho/Fe/Si (b), Tb/Fe/Si (c), Yb/Fe/Si (d), Y/Fe/Si (e), Lu/Fe/Si (f),

Er/Fe/Si (g) and Tm/Fe/Si (h), showing 2H layered structure along {11 2 0] orientation.
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Figure 14. Temperature dependence of magnetic susceptibility of RE; xFesSijay.
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CHAPTER 6

Investigation of the Metal-Semiconductor Phase

Transition in FeSi, by TB-LMTO-ASA Calculations

Mi-Kyung Han,” Michael Purdham’, and Gordon J. Miller™*
# Department of Chemistry, Jowa State University

®REU student in Computational Materials Chemistry funded by the National
Science Foundation (NSF)

Abstract

The electronic structures of -, p- and y-phases of FeSi, were calculated self-
consistently by using the tight-binding linear muffin-tin-orbital (TB-LMTO) method. The
relative stability of these phases was discussed in terms of calculated total energies. The
formation of the band gap in B-FeSi, has been described in termos of a shortening of the Fe-Fe
interatomic distances and a deformation of the Si cages surrounding the Fe atoms by
analyzing of the band-gap diagram for a progressive distortion of the v-phase structure into

the B-structure.

Introduction

Transition metal disilicides, in particular those with a direct gap and a bandgap energy
smaller than that of silicon, has attracted particular attention because of their potential
applications in Si-based device technology. Several of them have been identified as

semiconductors, e.g. TiSiy, CrSiz, MnSi, 73, B-FeSiz, OsSiz, and LaSi,.! The direct gap silicide
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that has attracted most attention so far is iron disilicide due to the availability of the
components iron and silicon and the low-toxicity of the compound, as well as its fairly good
lattice match to silicon. Among various phases of iron silicides, FesSi, FeSi, o-FeSi,, and
B-FeSi,, B-FeSi; has attracted particular attention due to its semiconducting properties with a
direct band gap of about 0.79 eV.%?

Depending on growth conditions, iron disilicide exhibits several phases, some of

which are stable in the bulk (a- and B-phases), while some other (y-phase) exists only as thin

films.® y-FeSi, crystallizes in the CaF; structure type (space group Fm3m , unit cell
parameter, a = 5.37 A) 7 i.e., in a face-centered-cubic lattice with Fe at the origin, 4a (0, 0, 0),
and Si atoms at positions, 8¢ (Y4, %, Y4). In this structure, each Si atom is tetrahedrally
coordinated by four Fe atoms, and each Fe atom has eight Si nearest-neighbors in a cube. The
low temperature phase, $-FeSiy, is a semiconductor. It erystallizes in an orthorhombic
structure with the space group Cmca and the unit cell parameters ¢ =9.863, b=7.791 and ¢
=7.833 A. This unit cell contains sixteen formula units. The asymmetric unit contains four
crystallographically inequivalent sites: two Fe sites (84, 8f) and two Si sites (16g(1), 16g(2)).
The structure of B-FeSi; can be described as a distorted fluorite structure. Onda et al. reported
an irreversible phase transition from the y-phase to the B-phase induced by thermal
annealing.® The high-temperature phase, a-FeSiy, is a metal with a tetragonal lattice (space
group P4/mmm, the unit cell parameters a = 2.6840, and ¢ = 5.1280 A)’. This structure is
characterized by Fe-based, planar square nets with Si atoms forming adjacent pairs. Thus,
FeSi; exhibits a semiconductor-metal, and structural transition when temperature is increased

to 937°C. The three different structure types of FeSi, are listed in Table 1.
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The presence of a- and - phases with a metallic to semiconductor transition makes
FeSi; an interesting system to explore how the electronic structure may influence the
observed transition. The electronic structure of FeSi, has been calculated by several groups' ™
13 The formation of the band gap in B-FeSi, has been described in terms of a Jahn-Teller
distortion by Christensen.'* He suggested that the deformations of the cubic cages of silicon
atoms around the iron sites in the y-phase lead to changes in the coordination thus dive the
cubic y- structure into the B-form. However, the modifications on the electronic properties
caused by structural transformation have not been clearly understood yet. Therefore, this
paper presents the resuts of a theoretical investigation into the electronic structures of iron
disilicides, especially focusing on the structural transformation and the driving force of the
band gap opening.

In previous chapter, we showed RE;.xFesSiisy compounds, which consist of B-FeSi;
as a building block, have a pseudogap in electronic structure. Therefore, to derive a guiding
principle to understand the nature of properties of RE;.xFesSi 4., compounds, it is necessary

to investigate band structures of FeSi; in detail.

Computational Details

The electronic structures of many actual and hypothetical compounds were calculated
self-consistently by using the tight-binding linear muffin-tin-orbital (TB-LMTO) method'* 2
within the atomic sphere approximation (ASA) using the LMTO Version 47 program.
Exchange and correlation were treated in a local spin density approximation (LSDA)."” All
relativistic effects except spin-orbit coupling were taken into account using a scalar

relativistic approximation.20 Within ASA, space is filled with overlapping Wigner-Seitz (WS)
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atomic spheres. The radii of the WS spheres were obtained by requiring the overlapping
potential to be the best possible approximation to the full potential according to an automatic
procedure. The WS radii determined by this procedure are 2.42 A for Fe, 2.48 A for Si. The
basis set included Si 3s, 3p orbitals and Fe 4s, 4p and 3d orbitals. To optimize the
calculations, empty spheres have been introduced (WS radii = 2.16 ~ 2.45). The Léwdin
downfolding technique allows the derivation of few-orbital effective Hamiltonians by
keeping only the relevant degrees of freedom and integrating out the irrelevant ones. The k-
space integrations to determine the sclf-consistent charge density, densities of states (DOS)
and crystal orbital Hamilton population (COHP)”' were performed by the tetrahedron
method®. The Fermi level was chosen as an internal reference level in all cases. We want to
point out that the calculated energy depends on the ratio of the atomic sphere radii between
Fe and Si. Figure 1 shows the energy dependence of ratio of WS radii used. When the Fe and
Si ratio is 1.04, it gives the lowest total energy. This shows that these methods are not

reliable for quantities of energy gap. Therefore we will not discuss the size of gap opening.

Model Structures

2324 and are

The lattice parameters for actual compounds were taken from experiment,
given in Table I. The model structures were initially taken as the orthorhombic unit cell,
where a is two times the fcc edge (5.37 A) and b, c are the diagonals of the fec square faces.
Therefore, the vectors (a - b)/2, (@ + b)/2, and a/2 in B-FéSiz correspond to the basic vectors

a of the cubic y -FeSiz (@ =5.37 A). The axial transformation between the two structures can

be presented in matrix form:
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X i —1 0V x
¥ = |1 1 01|y
B—FeSi, 0 0 z y—FeSi,

And then, it transforms into the observed orthorhombic cell by decreasing a and
increasing b and ¢ very close to the experimental values (a = 9.86, b="17.79, and ¢ =7.83 A).
To investigate the driving mechanism for the energy gap opening we made a series of

models by progressive shifting of the Fe sites, so that first-neighbor Fe-Fe pairs become
closer during the transformation from - to B-FeSiz. Thus, the orbital overlaps between them
increase. However, the tetrahedral coordination of Fe atoms around Si atoms remains, except
for a slight change in the bond lengths, which is summarized in Table 2. The projection of

the model structures is illustrated in Figure 2.

Results and Discussion

The electronic structure of FeSi; has been calculated before by several groups.'0*?
Here, we repeat for complete understanding the electronic structures in detail. Our
calculation results are in good agreement with other earlier caiculations.

We report our results for the total energy, the electronic density of states (DOS), and
the band-gap diagram for actual and hypothetical structures of o-, B- and y-phases. The
differences between the nonmagnetic and ferromagnetic total energies for each phase are
small (< 10°eV), while the magnetic moment has almost zero value. Later, we will only

discuss the electronic structure of the nonmagnetic cases. From the total energy calculations
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for a-, B- and y-phases at experimental lattice constants, we found that 3-FeSi; has the lowest
energy compared to other two, a- and y-phases, i.e. Eii(a-FeSiz) — Ei(B-FeSiz) = 0.53 eV/fu.

and By (y-FeSiy) — Eo(B-FeSiz) =0.61 eV/fu.

Density of States (DOS)
Figure 3 shows the total densities of states (DOS) and different partial densities of states

for non-spin-polarized calculations on a-, B- and y- FeSk,.

In Figure 3, the partial densities of states of the Si - 3p orbitals are shaded in gray, whereas
the Fe - 3d orbitals are represented by a thick red line. The overall shapes of all DOS curves
are very similar: The Si 3s band is located between —14 and -8 eV relative to the Fermi
energy Er. From about —8 eV up to the Fermi level (Eg) the Si 3p states overlap with the Fe
3d states. The structure above Ex corresponds to the remaining Fe 3d states. The major
differences in DOS among the three phases are as follows: (1) In y- FeSip, the Fermi level is
located in a very sharp and strong peak of Fe states mixed with Si 3p states, indicating that
the y- FeSi, structure is electronically unstable. Usually, a structure with high density of state
at the Fermi level can lower its energy by undergoing a spin polarization or structural
distortion. For y-FeSiy, spin polarization does not indicate any lowering of the total energy
because the difference between the nonmagnetic and ferromagnetic total energies is small
(AE = 1.2104x10°* V), a structural distortion of y- FeSi, phase is expected. (2) The Fermi
level of a-FeSi, is located in a pronounced minimum, which reduces the band structure

energy and explains its relative stability with respect to the unstable y- FeSi, structure. The
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very sharp peaks near the Fermi level in the DOS correspond to d;-like level (3) B- FeSizis a
semiconductor with Er right at the gap of DOS.

The progressive change in position of Er indicates a possible relationship for o-FeSi;
with the low-temperature B- phase through a structural transformation with y- FeSi; as an

intermediate phase.

Band structure
------ Figure 4 ---—-

In y- FeSi,, the eight Si atoms align on the corners of a cube surrounding a Fe atom
located at the center create the point group Oy at the Fe site so the d orbitals will be split into
two degenerate sets, £z (dvy, diz dyz) and e, (@7, di’y). In Figure 4(a), we can see this splitting
at the I position.

The band structure of a-FeSi,, in Figure 4 (b), shows a Jahn-Teller- like distortion.
The doubly degenerate e, level is split into two levels, an upper d;’’and a lower d;? and the
triply degenerate ¢ level is split into two different levels, an upper dy, and a doubly
degenerate dy, and d,,. The energy level schemes for the y- and o-phases are illustrated in

Figure 5.

Therefore, band structure calculations show that a Jahn-Teller- like distortion drives
unstable y-FeSi, phase into energetically stable a-FeSi; phase. Therefore, the Si environment
changes from tetragonal to square planar.

In the band structure of B-FeSi,, a complicated valence-conduction energy-band

structure evolves. The valence band edge at " has mainly Fe 3d,, character with a small
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admixture of Si 3p, character and thus, pointing in the Fe-Fe direction to make Fe-Fe

interaction, while the bottom of conduction band is formed exclusively by the Fe 75, states.

Origin of band gap opening
We report our results of the total energy, the electronic density of states (DOS), and the

band-gap diagram for a progressive distortion of the y- structure into the p-phase.

The Fe-Fe distance in y-FeSi; is large (~ 3.797 A) enough to minimize the overlap
between Fe 3d wavefunctions on different Fe atoms. The band of y-FeSi; is mainly showing
the mixing of Fe 3d and Si 3p orbitals. Figure 6 shows that the band-gap opening is produced
by the shortening of the Fe-Fe interatomic distance and the deformation of the Si cages
surrounding the eight-fold coordinated Fe atoms. When the Fe-Fe interatomic distance is
small enough (Fe-Fe distance in Model 4 = 2.965 A) to make overlap between Fe 3d
wavefunctions, there is a splitting of the 3d band. The total energies also decrease by

shortening the Fe-Fe interatomic distance, shown in Figure 7.

Therefore, the nature of the band gap is very structure sensitive and that a slight decrease in
Fe-Fe interatomic distance induces a change in the nature of the gap.

The energy-band structures of model structures are shown in Figure 8. When
compared to B-FeSi; (nodel 4) the band structure has most noticeably changed around the
point I". From the band structure of model 1, we can see that the valence band edges with
mainly Fe d,, character mix with the bottom of conduction band, which are exclusively the

Fe 1,4 states. Band structure calculations for the models without short Fe-Fe interatomic



149

distance (< 3.0 A) do not show an energy gap. These Fe d — d orbital mixing are
progressively decrease by making Fe-Fe interatomic distances. Thus, the gap opening is must
significantly influenced by the inclusion of Fe-Fe orbital interactions, because the gap comes
from the covalent mixing between the Fe 3d states and adjacent Fe atoms.

Even though the Fe-Fe distances are longer than those of y-FeSi, (Fe-Fe distance = ~
4.0 A) in RE;..Fe,Si4.y compounds, these compounds show pseudogap in their electronic
structure calculation. Therefore we expect more complicate involvement of rare-earth
element in the properties. We need more through investigation to understand the nature of

gap opening in RE, ,FesSijgy compounds.

Conclusion

The electronic structures of a-, B- and y-phases iron disilicides were calculated self-
consistently by using the tight-binding linear muffin-tin-orbital (TB-LMTO) method. The
main results of present work are summarized as follows:

1. The relative stability of these phase was discussed in terms of calculated total
energies: B-FeSi, has the lowest energy compared to other two, a- and y-phases, i.e.
Eqoi(a-FeSiz) — E(B-FeSiz) = 0.53 eV/fu. and Ew(y-FeSiz) — Ew(B-FeSiy) = 0.61
eV/fu

2. The analysis of the band-gap diagram for a progressive distortion of the y-phase
structure into the B-structure shows that the origin of the band gap opening in f3-
FeSi, is produced by the shortening of the Fe-Fe interatomic distances and the

deformation of the Si cages surrounding the Fe atoms.
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DOS (state/eV/fw)

DOS (state/eVitw)

DOS (state/eV/E.w)

Energy (eV)

Figure 3. Density of states of FeSij. () y- (b) B- and (¢) o- phase. Black lines represent
for total DOS. Red lines are partial DOS for Fe-3d and Si-3p orbitals. Shaded

areas are partial DOS for Si-3p orbitals.
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CHAPTER 7

The Coloring Problem in Intermetallics:
Bonding and Properties of Th;Zn;6Al74
with the La;Al;; Structure Type

Mi-Kyung Han,” Emilia Morosan,b Paul C. Canﬁeld,b and Gordon J. Miller™*

® Department of Chemistry, lowa State University
®Department of Physics and Astronomy, lowa State University

Reprinted by permission: Z. Kristallogr. 2005, 220, 95-101.

Abstract

Single crystals of the new compound TbsZns e1)Alraq) were obtained from Al and
Zn-rich termary solutions. The title compound crystallizes in the orthorhombic LazAly
structure type (space group Jmmm (No. 71), Z = 2; a = 4.2334(1) A, b=997253) A, c =
12.4659(1) A). The inverse susceptibility above ca. 50 K shows Curie-Weiss behavior, and a
metamagnetic transition is apparent in the field-dependent magnetization around H.~ 20 kG.
The resistivity increases linearly with temperature, indicating the metallic character of this
material. TB-LMTO-ASA electronic structure calculations indicate that this new
intermetallic phase has all bonding states optimized in the [ZnsAly,) network, which

classifies this compound among the so-called “polar intermetallics.” The calculations also
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provide a rationalization of the nonrandom ordering of Zn and Al atoms, which can be

attributed to optimizing (Zn,Al)-(Zn,Al) orbital interactions.

Introduction

Polar intermetallics form a class of intermetallic compounds that are attracting
increasing attention for studying chemical bonding between metals as well as for their
potential physical properties.l'4 There are at present no simple rules to identify such
compounds in general, although the tendency is for an electropositive element, i.e., alkali,
alkaline earth, or rare earth element, to combine with a molar excess of electronegative
metals from among the late- and/or post-transition elements. Analysis of the theoretical
electronic structure indicates that orbital interactions between the electronegative metals
cross from bonding to antibonding at the Fermi level, which implies that metal-metal
bonding within the electronegative framework is optimize:d.1 The energy densities of states
can show a pseudo-gap at the Fermi level, but this feature is not a prerequisite. If the
minority electropositive component is among the rare earth elements, interesting physical
properties are possible via the valence 4f orbitals, e.g., heavy fermion or magnetic orderi_ng.5

Among polar intermetallic structures, the tetragonal BaAl, structure type (also known
as the ThCr,Six-type) is the most prolific® and is particularly suited for placing rare earth
elements into single tetragonally symmetric environments for studying the consequences of
uniaxial magnetic anisotropy. BaAls-type tetra-aluminides with rare earth elements are
reported for La-Sm,S but these are characterized at elevated temperatures and are probably

Al-deficient, i.e., LnAls, due to optimizing chemical bonding in the Al framework. At
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lower temperatures, the vacancies order into the LasAly, structure type.7 One means to
stabilize the BaAl, structure type with rare earth elements, then, is to substitute metals that
are poorer in valence electrons than Al, e.g., Au or Zn, and these do exist, e.g., LnAu,Alsy
(Ln: La-Th; 0.75 < x £ 2.00).%° As there are two distinct crystailographic sites for the
electronegative metals in the BaAl, structure type, the distribution of two different elements
introduces additional structural complexity, which is called the coloring problem."®
Energetic factors controlling the site preferences for different elements in a structure can be
separated into “site energies” and “bond energies.” Moreover, exploration of this structure
type reveals that it exists for 12-14 valence electrons assigned to the electronegative
component.” ' '? With this flexibility in mind, we are studying rare-earth — zinc- aluminum
phases, and in this report we report the synthesis, structure and properties of two new

compounds in the Tb-Zn-Al system that form the LasAly; structure type.

Experimental

Synthesis. Single crystals of ThsZngxAlyx (X = 0.4) were grown from high temperature
terary solutions, rich in Al and Zn.'*1®  These solutions were prepared from the pure
elements, terbium (Materials Preparation Center, Ames Lab, 99.0%), aluminum ingots
(Aesar 99.999%) and zinc ingots (Aesar 99.999%), in the molar ratio 10% Tb: 45% Zn: 45%
Al This (Al, Zn)-rich self-flux was chosen because it introduces no additional elements to
the melt. The constituent elements were placed in an alumina crucible and sealed in a silica
ampoule under a partial argon pressure. After initially heating the ampoule to above ca.

900°C, it was slowly cooled to 650°C. Subsequently, the excess solution was decanted, and
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well-formed orthorhombic crystals were obtained. Their lengths were usually 2-5 mm,
slightly more for a few larger crystals, whereas the cross-section varied from ~Ix1 mm’
(needle-like rods) to ~1x4 mm?, resulting in a plate-like aspect for some crystals.

Structure Determination. The sample was characterized by single crystal and powder X-
ray diffraction (XRD) techniques at ambient temperature. The powder diffraction pattern of
the sample was obtained with a Huber image plate camera and monochromatic Cu Ka;
radiation (L = 1.540598 A). Powdered samples were homogeneously dispersed on a Mylar
film with the aid of a little petroleum jelly. The step size was set at 0.005° and the exposure
time was 1 hr. Data acquisition was controlled via the in-situ program. In the X-ray powder
pattern, only diffraction maxima expected for the corresponding Tb3Zns 6)yAlr.4qy pattern
were observed. The lattice parameters of a = 4.2334(1) A, b = 9.9725(3) A, ¢ = 12.4659(1)
A were obtained from least squares refinement with the aid of a Rietveld refinement
prograrn.16 A needie-like single crystal was selected from the product and was mounted on a
Bruker APEX CCD-diffractometer equipped with monochromated Mo Ka radiation (A =
0.71073 A), and diffraction data were collected at room temperature over a hemisphere of
reciprocal space with 0.3° scans in ® and with an exposure time of 10 sec per frame up to 26
= 56.55°. The SAINT progra.m17 was used for the data extraction and then corrected for
Lorentz and polarization effects, and SADABS'™ was used for empirical absorption
correction. Structure refinements (full-matrix least-squares on F?) were performed using the
SHELXTL package of crystallographic programs.lg The crystallographic data are presented
in Table 1; atomic coordinates and displacement parameters are listed in Table 2; selected
interatomic distances are given in Table 3.

------ Tables 1-3 --——-
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Electronic Structure Calculations. Tight-binding, linear muffin-tin orbital (TB-LMTO)
electronic structure calculations were carried out using the atomic sphere approximation
(ASA) using the LMTO Version 47 prog;rzun.m'?'3 Exchange and correlation were treated in a
local spin density approximation (LDA). All relativistic effects except spin-orbit coupling
were taken into account using a scalar relativistic approximation.

Within the atomic sphere approximation (ASA), space is filled with small
overlapping Wigner-Seitz (WS) atomic spheres. The radii of the WS spheres were obtained
by requiring the overlapping potential to be the best possible approximation to the full
potential according to an automatic procedure. No empty spheres were necessary in this
system. The WS radii determined by this procedure are 3.774 A for Tb, 2.712 A for Zn and
2.940 A for Al. The basis set included Tb 6s, 6p, 5d orbitals, Al 3s, 3p, and 3d orbitals and
Zn 4s, 4p and 3d orbitals. The Tb 4f orbitals were treated as core functions occupied by eight
electrons. The Léwdin downfolding technique allows the derivation of few-orbital effective
Hamiltonians by keeping only the relevant degrees of freedom and integrating out the
irrelevant ones. The k-space infegrations to determine the sel-f-consistent charge density,
densities of states (DOS) and crystal Hamiltonian orbital populations (COHP)* were
performed by the tetrahedron method. The Fermi level was chosen as an internal reference
level in all cases.

Physical Properties. Magnetization measurements on a plate-like crystal of TbaZns sAlr4
were performed in a Quantum Design MPMS SQUID magnetometer (7' = 1.8-350 K, Hmax =
55 kG), with H = 1 kG. The electrical resistance in zero field was measured with a Linear
Research LR-700 AC resistance bridge (f = 16 Hz, I = 1-3 mA) in the magnetic field—

temperature environment of the same QD MPMS system, using a standard four-probe
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technique. The heat capacity measurement was done in a Quantum Design PPMS system,
using the relaxation technique and subtracting the sample holder and grease contribution,

which were measured separately.

Result and Discussion

Crystal Structure of ThzZnj¢Aly.4. ThsZn3 ¢Aly 4 is a new compound adopting the LasAly;
structure type at ambient temperature.” Its orthorhombic crystal structure is illustrated in
Figure 1 and emphasizes the coordination polyhedra surrounding the two distinct terbium
atoms. Among the four crystallographic sites for the electronegative Zn and Al components
(colored red or blue in Figure 1), only the 24 site is fully occupied by Al atoms. These Al
atoms are surrounded by eight (Zn, Al) atoms in a clongated square prism as well as four Tb
atoms in a distorted square — the entire environment is closely related to the Al surroundings
in cubic rare-earth trialuminides (LnAly).% The other three sites (M1, M2 and M3) show
mixed, yet nonrandom occupation by Zn and Al. Zn atoms strongly prefer the M1 (8/) sites
(red spheres), which are coordinated by a pseudo-square pyramidal environment in the (Zn, V
Al network. The axial direction shows a particularly short M1-M]1 distance of 2.475(3) A.
Al atoms preferentially occupy the remaining two M2 and M3 sites. There are two types of
polyhedra surrounding the terbium atoms (Figure 1), which are distinguished by shaded and
nonshaded yellow spheres. The Tbl atoms (shaded yellow spheres) are coordinated by 16
7n/Al atoms in an environment that closely resembles that of the Ba atoms in the BaAly
structure type. The Tb2 sites are encapsulated by 14 Al/Zn atoms at distances less than 3.5 A

with the coordination polyhedra completed by two M1 atoms at a distance of ca. 3.76 A.
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Electronic Structure and Bonding Relationships. To understand the possible chemical
bonding features influencing the stability of TbiZnieAl;s, TB-LMTO-ASA electronic
structure calculations were performed on “TbsZnsAl;” as the representative composition with
the M1 site fully occupied by Zn atoms and the M2 and M3 sites fully occupied by Al atoms.
The total DOS curve broken down into the different atomic contributions to the DOS as well
as the COHP curve for all (Zn, Al)-(Zn, Al) contacts less than 3.00 A in the [ZnsAl;] network
are shown in Figure 2. The Fermi level, indicated by the dashed line, falls in the region of
nonzero but low DOS, which, according to the accompanying COHP curve, corresponds fo
the energy region where (Zn, Al)-(Zn, Al) bonding levels crossover to antibonding levels.
Therefore, metal-metal bonding within the electronegative part of the structﬁre of
“TbaZnsAl;,” on average, is optimized. Hence, Tb3;Zn3;¢Al;4 behaves like other “polar
intermetallic” compounds, and the observed composition is significantly influenced by
orbital interactions in the [ZnsAl;] network. In fact, similar COHP analyses of “[3ZnsAly,”
“TbsAl;;” and “0;Al;;” (0 means that the Tb site w;cls treated as vacant, 1.e., contributing no
orbitals to the set of valence orbitals in the structure) all give optimum metal-metal bonding
near 38 valence electrons per formula unit, which exactly corresponds to “TbiZnsAl;.” A
similar outcome was deduced for ternary rare-earth gold aluminides, LnsAu,Ale.”® COHP
analyses of the specific orbital interactions in the [Zn4Al;] network, shown in Figure 3,
indicate that the M1-M1 (Zn-Zn) interaction is optimized and Al-Al antibonding states are
already occupied, while heteronuclear Zn-Al bonding states are not yet filled. Within a rigid
band model, a few additional valence electrons can be accommodated into the electronic
states of “TbsZnsAl;” to optimize the heteronuclear Zn-Al interactions by replacing some Zn

atoms with Al atoms: “TbiZng_4Aly,.”



170

--—-- Figures 2 and 3; Table 4 ------

To understand the site preference of Zn and Al atoms throughout the structure of
TbaZns Alr4, several different models of “TbiZngAl;” were constructed and their total
energies were evaluated. To conduct this comparison, the Wigner-Seitz radii for Tb, Zn and
Al, respectively, were kept constant for the different models. Table 4 lists the different
models by identifying the Wyckoff sites (M1, M2 and M3) occupied by the Zn and Al atoms.
To include models that showed other distributions of Zn and Al atoms in the [ZnsAly]
network, the space group had to be modified to Pmmm or Imm2 (NOTE: our study here is not
exhaustive, but representative). In total, six different models were studied, and according to
the relative total energies, Zn prefers to occupy the M1 (8/) sites, which is confirmed by our
diffraction experiments. Table 4 also lists the percentages of Zn-Zn, Zn-Al and Al-Al
interactions per unit cell for the M1-M1 pairs as well as the other contacts in the complete
structure, In particular, when the M1 sites give the fewest number of homoatomic Al-Al
contacts, the lowest energy arrangement is obtained, and the total energies increase linearly
with the number of homoatomic Al-Al contacts. The corresponding COHP curves for the
M1-M1 interactions for the different pairs of elements, shown in Figure 4, indicate that Al-Al
interactions have antibonding character, while Zn-Zn interactions have optimized bonding
character at the calculated Fermi level. However, in “TbsZnsAl;,” the energy differences
between the different structural models are small enough (i.e., 50-80 meV per formula unit)
to assume that the influence of configurational entropy at elevated temperatures will favor a
partially ordered arrangement of Zn and Al atoms, as is observed in the X-ray diffraction
experiments. In the corresponding Lns;Au,Aly, the “coloring problem” is dictated by

eliminating Au-Au contacts, while the energies of the different configurations are
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significantly separated from the low energy configuration that there is no mixed occupancy

observed other than at the M1 site.>’

Physical Measurements. The temperature dependence of the inverse susceptibility
(calculated as 1/y = H/M) is shown in Figure 5, whereas the inset presents the low
temperature region of the susceptibility for the applied field # = 1 kG. The inverse
susceptibility above ca. 50 K is consistent with Curie-Weiss behavior of the magnetization.
A linear fitting of the inverse susceptibility in the paramagnetic state gives a value of the
effective moment perr = 9.86 pp, which is close to the theoretical value for Tb>" of 9.72 g,
and a value of &p, for this field orientation, of — 29.7 K. The slightly enhanced effective
moment may be due to small weighing error, or a consequence of its estimate based on a
measurement along just one crystallographic direction. Anisotropic measurements would
allow for an estimate of the polycrystalline average susceptibility, which we expect to give a
more accurate value of pleg.

A magnetization measurement as a function of field is shown in Figure 6 for the field
directed along the long axis of the plate-like sample. One metamagnetic transition is apparent
around H, ~ 20 kG, leading to a magnetization of 7.1 pp at our maximum applied field of H =
55 kG, smaller then the saturated 9.0 pg calculated value. This is consistent with more
metamagnetic transitions occurring above 55 kG, or with the Tb>* magnetic moments being
confined by the crystal electric field CEF to easy axes different from the main
crystallographic directions. To verify the former hypothesis, measurements up to higher
fields are required, whereas to address the latter assumption, at a minimum anisotropic

magnetization measurements would be necessary.
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------ Figures 6 and 7 ------

The low temperature susceptibility for H# = 1 kG (shown as an inset in Figure 5)
indicates antiferromagnetic ordering below the Néel temperature Ty = 22.6 K. This transition
temperature, as well as a potential spin reorientation temperature can also be identified in the
d(xT)/dT (around 21.6 K and 18.6 K respectively) and C,(T) (at 22.5 K and 18.9 K, shown in
Figure 7a and 7b). Based on all of the above measurements, we can summarize that the

transition temperatures in TbsZns 6Aly 4 are Ty = (22.05 + 0.45) K and T; = (18.75 + 0.15) K.

The resistivity increases linearly with temperature (Figure 8), indicating metallic
character of this material. However, the large residual resistivity at 7= 2 K (~26 puQ-cm)

leads to a reduced residual resistivity ratio (RRR) of ca. 1.95, which is consistent with mixed

(non-integral) site occupancies in this compound.

Conclusion

We have reported on a new intermetallic compound Tb3Zn;¢Aly4 that adopts the
LasAly; structure type. Crystals suitable for both structural and property measurements were
grown from an equimolar Zn:Al flux. Single crystal diffraction indicated that the Zn and Al
atoms are partially ordered in this structure. Electronic structure calculations attribute the
observed composition to optimizing metal-metal bonding in the electronegative (Zn, Al)
framework, while the specific ordering is strongly influenced by specific orbital interactions,
i.e., the bond-energy terms in the total electromic energy. Magnetic, calorimetric and

resistivity measurements on  Tb3ZnsgAly;4 indicate metallic  character  with
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antiferromagnetically coupled Tb** sites, which show a metamagnetic transition in the field-

dependent magnetization around H, = 20 kG.
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Table 1. Crystallographic data for TbsZnj ¢q1)Al7.41)-

Composition
Temperature
Crystal size

Space group

Unit cell dimensions

Volume

Zz

Diffractometer
Wavelength

28 range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to 26«
Data / parameters
Goodness-of-fit on F
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

TbiZnz Al 4

293(2) K

0.15 x 0.15 x 0.20 mm’
Immm (No. 71)
a=42281(8) A

b =9.966(2) A

c=12.469(3) A

525.38(18) A®

2

Bruker Apex

0.71073 A (Mo Ko)

2.62 to 56.55°.
-5<h<5,-135k<12,-16<1<12
1653

389 [R(int) = 0.0838)

95.1 %

389 /31

1.206

R1° = 0.0280, wR2" = 0.0669
0.0244(10)

1.758 and —2.333 ™-A">

‘R =D |E|- £/ 2

"WR2 = [ZW(IFLF _,|Fc|=)’/2w|ﬁ;|‘]

2 -
3

w=1f[ o (K )+ (0.0244P) +14365P s P=(E' +2F)/3
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Table 2. Atomic coordinates, site occupation factors and isotropic temperature displacement

parameters (in A%) for Tb;Zn3 ¢Aly.4.

Atom Site  x ¥ z Site Occ. Uiso (A%

T 22 0O 0 0 1 0.007(1)

™2 4 0 0 0.3146(1) 1 0.008(1)

Ml & 0 03758(1) 03410(1) 0.73(1)  Zm  0.012(1)
0.27 Al

M2 4 0 0.2104(3) 172 0.14(1) Zn  0.011(1)
0.86 Al

M3 & 12 02280(3) 03538(2) 0.09(1) Zn  0.012(1)
0.91 Al

A4 24 112 0 1/2 1 0.011(1)
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Table 3. Selected interatomic distances (&) in TbsZnj gq)Al7.4q) With frequency per formula

unit indicated.

Atom-Atom Distance (A) Atom-Atom Distance (A)
Tb1-Ml 3.151(1) 8x M1-M1 2.475(3) 2x
Th1-M3 3.266(1) 4x M1-M2 2.578(2) 4x
Tb1-M2 3.578(1) 4x M1-M3 2.582(2) 8x

M1-M3 2.640(2) 4x
Th2-M2 3.121(2) 4x
Th2-M1 3.125(1) 8 M2-M3 2.797(1) 8x
Th2-Al4 3.132(1) 4x M2-Al4 2.978(2) 4x
Tb2-M3 3.142(1) 8x
Tb2-M3 3.429(1) 4x
Tb2-ML 3.760(1) 4x M3-Al4 2.913(3) 4x
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Table 4. Zn and Al distributions at M1, M2 and M3 sites and bond types in the [ZnyAl;]

network for six model structures of TbsZnyAl;. Al atoms exclusively occupy the Al4 site

(see Table 2).
Models
Sites 1 2 3 4 5 6
(Immm) (Immm)  (Pmmm)  (Pmmm)  (Pmmm) {(Imm2)
M1 (8) Zn Al Y2 Zn Al ¥ Zn Y Zn
Y2 Al 2 Al ¥ Al
M2 (4) Al Al Zn Zn Al Al
M3 (8) Al Zn Al ¥ Zn Vo Zn V2 ZIn
Vo Al V2 Al V2 Al
(eV/formula) 0 0.08 0.05 0.09 0.07 0.09
Bonds Percentage with distances less than 2.50 A (M1-M1 contacts)
Al-Al 0 100 50 100 50 0
Zn-Al 0 0 0 0 0 100
Zn-Zn 100 0 50 0 50 0
Percentage with distances more than 2.50 A
Al-Al 50 25 31.3 25 25 31.3
Zn-Al 50 75 62.5 62.5 62.5 62.5
Zn-Zn 0 0 6.2 12.5 12.5 6.2
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Figure 1. Clinographic projection of orthorhombic TbiZnseujAlzaq) along the [100]
direction and emphasizing the polyhedral suroundings of the Tb sites. Tb1: shaded yellow;
Tb2: yellow; M1: red; M2-M4: blue spheres. Interatomic distances less than 2.50 A: black;

distances between 2.50 and 3.00 A: light blue.
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Figure 2. (Top) Total DOS curve for “TbsZnsAl;” separated into atomic contributions.
Black: Tb; Gray: Al; White: Zn. (Bottom) Total COHP curve for all (Zn,AD)-(Zn,Al)
contacts less than 3.00 A in the [Zn4Al;] network of “Tb;ZnsAls.” The dashed line indicates

the Fermi level.
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Figure 3. COHP curves for (top) Zn-Al, (middle) Al-Al, and (bottom) Zn-Zn interactions
less than 3.00 A in tﬁe [ZnsAl;] network of “Tb3ZnsAl;.” The dashed line marks the Fermi

level. (—~COHP values > 0: bonding levels; —COHP values < 0: antibonding levels.)
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Figure 4. M1-M1 (d = 2.475 A) COHP curves for (top) Zn-Zn, (middle) Al-Al, and
(bottom) Zn-Al contacts in various models of “Th;ZnsAl;.” The dashed line indicates the

Fermi level. (—COHP values > 0: bonding levels; ~-COHP values < 0: antibonding levels.)
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Figure 5. Inverse susceptibility (open circles) and the linear Curie-Weiss fit for high
temperatures (solid line); inset: low-temperature susceptibility with the arrows indicating the
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CHAPTER 8

Zin3o(CryAly,)s; ¢ A New Intergrowth Structure

Involving Icosahedra

Mi-Kyung Han and Gordon J. Miller

Abstract

The crystal structure of Znso(CrxAli)s; has been determined by X-ray single crystal

diffraction. The crystal structure belongs to the trigonal space group R3m with lattice
parameters a = 7.59(2), and ¢ = 36.9(1) A. It has a layered structure of similar to icosahedral

Mn-Al quasicrystalline compounds.

Introduction

In the course of a systematic search for novel compounds in the Cr-Zn-Al system, a
hitherto unknown structure of Znso(CrxAli.x)s1 has been observed. The preliminary result for
the temary Cr/Zn/Al system will be discussed in this chapter. Up to date, only one ternary
Cr/Zn/Al compound has been reported without specific crystallographic data. (Al;CrgZn with
MoSi,-type structure; space group = I4/mmm, and unit cell parameter is ¢ =2.99, and ¢ =

8.60A)."! To the best of our knowledge, this new ternary compound adopts a new structure

type.
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Experimental

Synthesis. Initial, the procedures involved reaction compositions of Al(j 2~1.4)Cr{o.3-~0.4)Zn to
explore new temary aluminum compounds. Most of the products contained an intense peak
with small impurity peaks in the X-ray powder diffraction patterns. X-ray single crystal
refinements were done for several crystals and subsequently reloaded these stoichiometric
ratios based on the single crystal refinements. Stoichiometric amounts of starting materials
with Al(; 201 34)Cr(0.87-0.75)Zn composition were loaded into Ta tubes under an inert Ar
atmosphere (total mass of ~0.5g). The Ta crucibles were placed into fused silica tubes, sealed
under vacuum (~1 x 10 Torr) and subjected to the following treatment: they were heated to
700°C at the rate 135°hr, kept at 700°C for 7 days to melt the reactants, cooled to 450°C in
Shr, and kept isothermally at 450°C for 7 days and then slowly cooled to room temperature at
the rate 53 °/hr. Several different sets of experiment with different annealing profiles were
done. The reaction container (Ta tube) reacted with starting materials at over the reaction
temperatures exceeding 800°C. The reactant compositions and the products identified by X-
ray powder diffraction are listed in Table 1. In many of the products, multiple phases were
observed in the powder patterns, in which cases the major phases are underlined. We have
not, or yet, achieved optimized conditions; we need further experiments to make a single
phase. However, among the samples, the reaction composition of (3) Al 55Crgg2Zn shows
almost single phase product (more than 90% based on the intensity of highest peak
comparison). This composition agrees with compositions for obtained from both EDX
analysis and single crystal refinements. According to our powder pattern analysis, shown in
Figure 1, we see a strong dependence on starting composition, because even slight changes in

the composition show drastic changes in the final products. Figure 2 shows that the measured
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powder pattern of sample (3), Al; 25Cro82Zn, is well matched with the calculated powder
pattern based on the refinement from single crystal diffraction.

---- Figure 1 and Figure 2 ----

Structure Determination. Data collections and their refinements followed the same
procedures as those previous described in this thesis. Several single crystals obtained from
sample (2) and (3). Details of the single crystal data collection parameters and
crystallographic refinement results for Al/Cr/Zn compounds are listed in the Table 2. The
resulting occupancies, atomic parameters, and residuals are listed in the Tables 3 and 4.

---- Tables 2, 3, and 4 --—--

Results and Discussion

Structure Description

Ternary Znso(CryAly4)s; crystallize in the trigonal space group R3m (No. 166) at
ambient temperature. The asymmetric unit contains nine crystallographically inequivalent
sites. Among them, only three sites, 8%(1) (x, y, 2), 18%(2} (x, y, z), and 3b (1/3, 2/3, 1/6), are
fully occupied by Zn atoms; The other six sites, 184(3) (x, y, z), 184(4) (x, y, z), 184(5) (x, ¥,
z), 18h(6) (x, y, 2), 6¢ (0, 0, z), and 3a (0, 0, 0), are randomly occupied by Cr and Al atoms.

---- Figure 3 ----

The crystal structures of this ternary compound can be viewed as two alternating

layers stacked along the c-axis, shown in Figure 3a. The unit cell contains eighteen layers, i.e.

a flat layer (F) and a puckered layer (P), in the sequence FPPPF P FPPPF P FPPPF P, is
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shown schematically in Figure 3b. Therefore, the structure can be described by three
combined thick layers (PFPFP) and a further puckered layer (P) between them.

Similar type of layer structure can be found in other compounds, such as Al oMny?, A-
AlMD™, AlsCoy’, e-ALiCr®, Al3Vy, 1-Aly7,CraoNi®, and etc., whose structures are related to
icosahedral or decagonal quasicrystals. Their stacking sequences are summarized in Table 2.
The layers in each compound are very similar but it can establish a different pattern, because
it contains a different distorted clusters and the layers are stacked in different sequences.
Now, we focus on the F layer. Comparing the F layer of Znjo(CryAl)_,)g) with that of the
AljoMn; phase, geometrically they are completely identical. The F layer forms a triangular
arrangement of Zn(3) atoms. Each Zn(3) site has two Zn(3) near neighbors arranged in a Zn
triangle, Zn-Zn distances within Zn triangle are about 2.678 A. These triangles build
interpenetrating icosahedra with two P layers located above and below the F layer. The
interpenetrating icosahedra, known as “I3 clusters™, are three dimensionally infinitely
connected in MnsAlyg, but in Zngo(Cry Al )g; the “I3 clusters™ alternate with an other
building motif (P layer shown in Figure 3¢). The layer structure and the interpenetrated
icosahedral chains in this structure can perhaps be seen more clearly in Figure 4. The Zn(1)
and Zn(3) atoms occupy the centers of icosahedra, shown in Figure 4d and 4c, respectively.
All of these icosahedra are interconnected. Unlike MnsAl g structure, this compound contains
extra P layer. This P layer has “3c-2e”-like connection between icosahedra, which is shown
in Figure 4c. These layered structures are similar to icosahedral Mn-Al quasicrystalline
compounds. Therefore, this compound may provide new insights into the formation,

composition and structure of quasicrystalline materials.
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Conclusion

The crystal structure of Znsg(CryAl,.4)s) has been determined by X-ray single crystal

diffraction. The crystal structure belongs to the trigonal space group R3m with lattice
parameters a = 7.59(2), and ¢ = 36.9(1) A. Single crystal diffraction indicated that there are
nine crystallographically inequivalent sites: the Cr and Al atoms are randomly ordered at
184(3) (x, ¥, z), 18h(4) (x, y, 2), 18A(5) (x, y, z), 18h(6) (x, y, 2), 6¢ (0, 0, 2), and 3a (0, 0, )
sites. 84(1) (x, y, z), 184(2) (x, y, z), and 3b (1/3, 2/3, 1/6), are fully occupied by Zn atoms. It
has a layered structure consisting of FPPPF P FPPPF P FPPPF P layers, where F is a flat and
P a puckered layer. The icosahedral clusters and their arrangements in this structure are
similar to Mn3Al,, but the sequence of layer is different. Therefore, we consider this as a
new structure type temary compound. More systematic investigation is needed for this

compound to investigate the role of extra P layer in the structure.
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Table 2. Atomic coordinates and equivalent isotropic displacement parameters (A x 10°%)
for Zn3o(CryAl;x)e1 compounds. U(eq) is defined as one third of the trace of the

orthogonalized Uj; tensor.

x  Wyck. occ. X y z U(eq)
0.40 Zn(l) 18k 0.1167(1)  0.8833(1)  0.0557(1)  9(1)
Zn(2) 18k 0.1212(1)  0.1242(2)  0.1801(1)  11(1)
Zn(3) 3b 1/3 2/3 2/3 9(1)
CrAI(4) 6c  043(3) 0 0 0.1148(1)  6(1)
Cr/Al(5) 187 0.39(2) 0.4581(2) 0.9161(4)  0.0504(1)  9(1)
Cr/AN6) 18h 036(2) 0.4139(4) 0.1207(2)  0.0912(1)  8(1)
Cr/Al(7y 18k 0.54(2) 0.2010(2) 0.7990(2)  -0.0138(1)  10(1)
Cr/Al(8) 3a  0.34(5) 0 0 0 7(2)
Cr/Al(9) 18k 0.29(2) 02086(2) 0.7914(2) 0.1145(1)  6(1)
039 Zn(l) 184 0.1165(1)  0.8836(1)  0.0557(1) 10(1)
Zn(2) 18k 0.1211(1)  0.12422(2) 0.1801(1)  10(1)
Zn(3)  3b 1/3 2/3 2/3 10(1)
Cr/Al(4) 6c  0.44(3) 0 0 0.1148(1)  6(1)
Cr/AKS) 18h 0.39(2) 04581(2) 09162(3)  0.0503(1)  8(1)
Cr/Al(6) 18k 0.35(2) 0.4141(3) 0.1207(2)  0.0913(1)  8(1)
Cr/Al(7) 18k 0.55(2) 0.2012(2) 0.7988(2)  -0.0138(1) 11(1)
Cr/AI(8) 3a 0.36(4) 0 0 0 7(2)
Cr/Al(9) 18h 0.28(2) 0.2088(2)  0.7912(2)  0.1146(1)  6(1)
036 Zn(l) 184 0.1167(1)  0.8833(1)  0.557(1)  10(1)
Zn(2) 18A 0.1210(1)  0.1242(2)  0.1801(1) 10(1)
Zn(3) 3b 1/3 2/3 2/3 9(1)
Cr/Al(4) 6¢c 041(3) © 0 0.1146(1)  5(1)
Cr/Al(5) 18r 039(2) 0.4581(2) 09161(3) 0.0503(1) 9(1)
Cr/Al6) 18r 035(2) -0.2071(2) 0.5857(3) 0.0912(1) 8(1)
C/AK7) 3a 037(4) O 0 0 7(2)
Cr/A8) 18k 0.54(2) 0.2009(2) 0.7991(2) -0.0138(1) 11(1)
Cr/A9) 18k 0.28(2) 0.2087(2) 0.7913(2) _ 0.1146(1)  5(1)
034 Zn(l) 18k ~0.1173(1)  0.8827(1)  0.0557(1)  10(1)
Zn(2) 184 0.1212(1)  0.1242(2)  0.1801(1) 13(1)
Zn(3) 3b 1/3 2/3 2/3 9(1)
Cr/Al4) 6¢c 0.38(3) 0 0 0.1145(1)  8(2)
Cr/Al(S) 18k 0.34(2) 0.4577(2) 0.9155(5)  0.0502(1)  7(1)
Cr/Al(6) 18k 031(2) 0.4139(5) 0.1207(2) 0.0910(1)  6Q1)
Cr/Al(7) 182 0.35(2) 0.2001(2) 0.7999(2) -0.0137(1)  7(1)
Cr/Al(8) 3a 040(4) 0O 0 0 8(2)
Cr/Al(9) 182 0.34(2) 0.2088(2) 0.7912(2)  0.1146(1)  9(1)

occ. is occupancies for Cr in mixed sites.
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Table 3. (a) Anisotropic displacement parameters (Az X 103) for Zn39(CryAl;)s (x = 0.40,
0.39). The anisotropic displacement factor exponent takes the form: -22°[h?a’U;; +... +2 hk
abUp]

X Ull U22 U33 U23 U13 Ul2

0.40 zn() S(1) 91 91 o) o1 50
Zn(2) 15(1) 1) (D) o) o)  41)
Zn(3) 91 91 9 0 0 A1)
Cr(4)  6(2)  62)  6(2) 0 0 3(1)
Cr(s)  6(1) 10(1) 11(1) 21 1) 5Q)
c6) (L) (1) %) -1 231)  41)
c7y  10(1) 10(1) 12(1) o) ol 501
Cr8) 812 82  4(3) 0 0 4(1)
C(9) 81) 81 41y 1) -1(1)  6(1)
039 zn(1) 11(1) 11) 10(1) o)  O()  6(1)
Zn(2)  15(1) 7)) 51 o) o)  3Q)
Zn(3)  11Q)  11)  8Q) 0 0 5(1)
crd)  6(1) 6 52 0 0 31)
c(s) 61  10(1)  10()  1(1) 1) 5(1)
c6) 81y M) 8Q) -1 - 4Q)
C(7)y 101y 10(1) 11(1)  0(1)  01)  4(1)
cr® 1) 1) 52 0 0 4(1)
Cr(9) 8(1) 8(1) 4(1) 1(1) -1(1) 6(1)
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Table 3. Continued (b) Anisotropic displacement parameters (A% x 10®) for Znzo(CrxAl1)s:
(x = 0.36, 0.34)compounds. The anisotropic displacement factor exponent takes the form: -
27 [h*a’Uy; + ...+ 2hkab Uy, ]

X Uil U2 U333 U223 UI3 Ul12
036 Zn(1) 10(1) 101)  S(1) o) o) 6(1)
Zn2)  15() (1) 6(1) 1) oQ) 4(1)
Zn@3)  10(1)  10(1)  &1) 0 0 5(1)
Cr(4) 5) S5(1)  5(2) 0 0 2(1)
c(5) (1) 10(1)  10(1)  1(1) oD 5(1)
cr6) L) O 91 81 21 1) 4(1)
Cr(7)  32)  8(2)  4(2) 0 0 4(1)
Cr(8)  10(1) 10(1) 11(1) o)  O(1) 4(1)
C9) &1  8&1)  3(1) 1)  -l(1) 5(1)
03¢ zn(l) 10(1) 10(1) 91)  O(1) o) 6(1)
Zn(2)  18(1) 11(1)  8(1) ) 1) 5(1)
7n(3)  12)  12() 52 0 0 6(1)
Cr(4)  102)  102)  5(3) 0 0 5(1)
() 61 82 2 1) o) 4(1)
6y 7@ 6(1)  6(2)  -1(1)  -3Q1) 4(1)
Cr(7) 7(1) 7(1) 5(2) 1(1) -1(1) -3
C(8) 113)  11(3)  3(4) 0 0 6(2)

Cr(%9) 11(2) 11(2) 6(2) 1(1) -1(1) 8(2)
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CHAPTER 9

General Conclusions

Our explorations of rare-earth, transition metal intermetallics have resulted in the
synthesis and characterization, and electronic structure investigation, as well as
understanding the structure-bonding-property relationships. Our work has presented the
following results:

1. Understanding the relationship between compositions and properties in LaFe;3_,Six
system: A detailed structural and theoretical investigation provided the understanding
of the role of a third element on stabilizing the structure and controlling the
transformation of cubic NaZn;3-type structures to the tetragonal derivative, as well as
the relationship between the structures and properties.

2. Synthesis of new ternary rare-earth iron silicides RE; Fe,Si 145 and proposed
superstructure: This compound offers complex structural challenges such as fractional
occupancies and their ordering in superstructure.

3. Electronic structure calculation of FeSiy: This shows that the metal-semiconductor
phase transition depends on the structure. The mechanism of band gap opening is
described in terms of bonding and structural distortion. This result shows that the
electronic structure calculations are an essential tool for understanding the relationship

between structure and chemical bonding in these compounds.
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4. Synthesis of new ternary rare-earth Zinc aluminides ThiZns ¢Al7 4 Partially ordered
structure of Th3Zns ¢Al; 4 compound provides new insights into the formation,
composition and structure of rare-earth transition-metal intermetallics. Electronic
structure calculations attribute the observed composition to optimizing metal-metal
bonding in the electronegative (Zn, Al) framework, while the specific ordering is
strongly influenced by specific orbital interactions.

5. Synthesis of new structure type of Znss(CrxAl;)s;: These layered structures are similar
to icosahedral Mn-Al quasicrystalline compounds. Therefore, this compound may
provide new insights into the formation, composition and structure of quasicrystalline

materials.
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APPENDIX

Summary of Single Crystal Refinements

on Various Compounds
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APPENDIX A-1

The Crystal Structure of YMgZn

Introduction

In the course of explaining the substitution of divalent Zn for Mg in YsMgas, 2 new

compound YMgZn (1:1:1) with ZrNiAl-type structure was found.

Discussion

Details of the single crystal data collection parameters and crystallographic
refinement resuits for YMgZn are listed in the Table 1. The resulting occupancies, atomic

parameters, and residuals are listed in Tables 2 and 3.
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Table 1. Crystal data and structure refinement for YMgZn.

Empirical formula YMgZn

Formula weight 218.47
Temperature 293(2) K
Wavelength 0.71073 A
Crystal system hexagonal

Space group P -6 2 m (no. 189)

Unit cell dimensions

Volume

Z

Absorption coefficient, mm™
F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Refinement method

Data / restraints / parameters
Goodness-of-fit on 2

Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

a=72829(10) A
b=7.2829(10) A
c=4.4297(9) A

203.48(6) A3

3

59.427

390

0.20 x 0.15 x 0.22 mm’

3.23 10 28.18°,

9<h<4, -8<k<9,-5<I<5
1087

196 [R(int) = 0.0328]
Full-matrix least-squares on F
196/ 14

1.014

R1 =0.0144, wR2 = 0.0346
R1=0.0147, wR2 = 0.0348
0.117(6)

0.458 and -0.323 e.A™
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Table 2. Atomic coordinates and equivalent isotropic displacement parameters (A%x 10%) for

YMgZn. U(eq) 1s defined as one third of the trace of the orthogonalized Uj; tensor.

Wyck. Occ. X y z U(eq)
Y(1) 3f 1 0.5730(1) 0 0 8(1)
Zn(2) la 1 0 0 0 8(1)
Zn(3) 2d 1 2/3 1/3 Y 6(1)
Mg(4) 3g 1 0 0.2439(3) Ya 9(1)

Table 3. Anisotropic displacement parameters (A*x10%) for YMgZn. The anisotropic

displacement factor exponent takes the form: -27°[ha*Up; +...+2hkabUp ]

Un Uz Uss Uz Uiz Uz
Y1) 81 7(1) 8(1) 0 0 4(1)
Zn@2)  9(1) o(1) 6(1) 0 0 4(1)
70(3)  5(1) 5(1) 6(1) 0 0 3(1)
Mg(4)  10(1) 71) 12(1) 0 0 5(1)




208

APPENDIX A-2

The Crystal Structure of

YS-ng24+x (X = 1.47, 0.94)

Introduction

During a study on the structure types of ternary Y/Zn/Mg intermetallic phases, in

which Zn atoms replace Mg atoms in the YsMgy4 structure, several single crystals with

different refined compositions Ys.Mgs4+x were found. Ys Mg+ compounds preserve the

parent a-Mn structure type.

€
N7

Discussion

Details of the single crystal data collection parameters and crystallographic

refinement results for Ys.,Mgas+x are listed in the Table 1. The resulting occupancies, atomic

parameters, and residuals are listed in Tables 2 and 3.
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Table 1. Crystal data and structure refinements for Y5_XM§24+X-

X 1.47 0.94
Empirical formula Ya.06yME24.9403) Yas22)Mg2s.4702)
Temperature 293(2) K 293X K
Wavelength 0.71073 A 0.71073 A
Crystal system cubic cubic
Space group 1-43 m (no. 217) [-43 m(no.217)
Unit cell dimensions, A a=11.2225(13) a=11.2578(13)
Volume, A’ 1413.4(3) 1426.8(3)
Z 2 . 2
Absorption coeff., mm™ 23.014 10.578
F(000) 2052 966
Crystal size, mm’ 0.23 x 0.22 x 0.35 0.16 x 0.23 x 0.31
20, for data collection, ©  56.30 56.38
Index ranges, A,k,I -14/14, -10/14, -11/14 -14/14, -14/14, -14/14
Reflections coliected 4333 5889
Independent reflections 356 [R(int) = 0.0372] 356 [R{int) = 0.0437]
Data / parameters 356/19 356/18
Goodness-of-fit on F> 1.188 1.032

R indices [[>2sigma(T)] R1=0.0194, wR2=0.0499 R1=10.0142, wR2 =0.0278
R indices (all data) R1=10.0202, wR2 =0.0500 R1=0.0160, wR2 =0.0279
Extinction coefficient 0.0031(4) 0.016(9)

(Ap) peak and hole, e A 0-289 and -0.288 0.277 and -0.180
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Table 2. Atomic coordinates and equivalent isotropic displacement parameters (A2x10%) for

Y 5.xMgaa+x. U(eq) 1s defined as one third of the trace of the orthogonalized U;; tensor.

Atom Wyck. Occ. X y z Uleq)
Ya.063)ME24.9403)
Yl 2a 1 0 0 0 14(1)
Y2 8¢ 0.633(4) 0.1867(1) 0.1867(1) 0.8133(1) 17(1)
Mg2 8¢ 0.367(4) 0.1867(1) 0.1867(1) 0.8133(1) 17(1)
Mg3 24g 1 0.0908(1) 0.0908(1) 0.2794(1) 19(1)
Mg4 24g 1 0.1429(1) 0.4654(1) 0.1429(1) 26(1)
Y3 s520)Mg25.4702)
Y1 2a 1 0 0 0 13(1)
Y2 8¢ 0.764(3) 0.1870(1) 0.1870(1) 0.1870(1) 16(1)
Mg2 8¢ 0.236(3) 0.1870(1) 0.1870(1) 0.1870(1) 16(1)
Mg3 24g 1 0.0904(1) 0.0904(1) 021948  19(1)
_IE/I_gG4 24§‘ 1 0.1431(1) 0.4658(1) 0.1431(1) 23(1)

Table 3. Anisotropic displacement parameters (A2x103) for Ys.xMgx. The anisotropic

displacement factor exponent takes the form: -21t2[h2a2U;1 +..+2hkabU; ]

Un Uz Uss Uas Uss Uiz
Ya.06(3yM824.04(3)
Y(1) 14(1) 1401y 14(1) 0 0 0
Y(©2) 17(1) 17(1) 17(1) o(1) o(1) o)
Mg(2) 17(1) 7 17(1) o(1) o(1) o(1)
Mg(3) 20(1) 20(1) 18(1) 2(1) 2(1) 1(1)
Ma(4) 27(1) 24(1) 2701 o(l) 2(1) 0(1)
Yis20Mgas.472)
Y(1) 13(1) 13(1) 13(1) 0 0 0
Y(2) 16(1) 16(1) 16(1) o) o) 0(1)
Mg(2) 16(1) 16(1) 16(1) o(1) o 0(1)
Mg(3) 19(1) 19(1) 18(1) -1(1) -1(1) -1(1)

Mg(4) 24(1) 20(1) 24(}) 1(1) 1(1) 1(1)
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APPENDIX A-3

The Crystal Structure of

Al Zn,Mgy; (x =0, 1.19, and 1.58)

Introduction

New Alj24Zn,Mgi7 compounds were synthesized to investigate the structure of pseudobinary
Al;;Mg; intermetallics in which Zn atoms replace Al atoms.

b

®7nAl
®Mg




Discussion

First, I refined the structure without mixed sttes and, then, I refined again with shared
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sites. The R indices [I>2o(I)] are listed in Table 1.

Table 1. Two different refinement methods for ternary Aly2xZn,Mg;7 compounds.

R1 Alj;Mgi; Alga3syZm sesMgr | AliesisyZniags Mg
without mixing sites 1.90 4.37 3.23
with mixing sites 1.96 2.38 1.74

Details of the single crystal data collection parameters and crystallographic

refinement results for Alj2ZnMg;; are listed in the Table 2. The resulting occupancies,

atomic parameters, and residuals are listed in Tables 3 and 4.
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Table 2. Crystal data and structure refinement for Al ,Zn,Mg;; compounds.

Identification code

2

3

Empirical formula
Temperature , K
Wavelength , A
Crystal system
Space group

Unit cell dimensions, A

Volume, A*
Z

Absorption coeff., mm"

F(000)

Crystal size, mm’

261'1‘131! ©
Index ranges,

Reflections collected
Independent reflections

Data /parameters

Goodness-of-fit on F?
R indices [I>2sigma(1)]

R indices (all data)

Extinction coefficient

A(p)jpeak and hole,
e A’

Al Mg,y

293(2)

0.71073

cubic
I-43m(no.217)
a = 10.5089(12)
1160.6(2)

2

1.462

750

0.16 x0.23 x 0.11

56.52

-13/13
-13/13
-13/13

5032

295
[R(int) = 0.0226]

295/ 18

1.204

R1=0.0113,
wR2 =0.0248
R1=0.0115,
wR2 =0.0249

0.0010(3)
0.121 and -0.130

AloaxsZm sssMei7
293(2)

0.71073

cubic

1-43m (no. 217)
a=10.4609(12)
1144.7(2)

2

2.787

648

0.18 x 0.25 x 0.23

56.48

-7/13
-13/12
-11/13

3544

292
[R(int) = 0.0310]

292/18

1.156

R1=0.0146,
wR2 =0.0336
R1=10.0159,
wR2 = 0.0338

0.03(5)
0.163 and -0.219

AlpsisyZnassMgi7
293(2)

0.71073

cubic

I-43 m (no.217)
a =10.4498(12)
1141.1(2)

2

1.474

394

0.14 x 0.19 x 0.13

56.54

-9/13
-13/13
-13/13

3549

284
[R@nt) = 0.0352]

284 / 18

1.089

R1=0.0166,
wR2 = 0.0352
R1=10.0180,
wR2 =0.0356

0.0000(3)

0.242 and -0.161
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Table 3. Atomic coordinates and equivalent isotropic displacement parameters (A?x10%) for

Al ZnMgi7. Ueq) is defined as one third of the trace of the orthogonalized Uj; tensor.

Wyck.  Oce. x hY z U(eq)
Al;Mgs
AI(1) 24g 1 0.0906(1) 0.0906(1) 0.7233(1) 17(1)
Mg(2) 8¢ 1 0.1745(1) 0.1745(1) 0.1745(1) 22(1)
Mg(3) 24g 1 0.1433(1) 0.1433(1) 0.4607(1) 18(1)
Mg(4) 2a 1 0 0 0 21(1)
Alyg 43521 s35yMg17
A1) 24 0.869(2) 0.0905(1) 0.0905(1) 0.2766(1) 18(1)
Zn(1) 24g  0.132(2) 0.0905(1) 00904(1) 0.2766(1) 18(1)
Mg(1) 8¢ L 0.1745(1) 0.1745(1) 0.1745(1) 19(1)
Ms(2) 24g 1 0.1438(1) 0.1438(1) 0.4613(1) 24(1)
Ms(3) 24 1 0 0 0 24(1)
Aljogi5)Zn1.1965ME17
Al(1) 24z 0901(2) 0.0906(1) 0.0906(1) 0.7231(1) 19(1)
Zn(1) 24 0.099(2) 0.0906(1) 0.0906(1) 0.7231(1) 19(1)
Mg(2) 8¢ 1 01752(1) 01752(1) 0.1752(1) 25(1)
Mg(3) 24g 1 0.1437(1) 0.1437(1) 0.4616(1) 20(1)

_Mg(4) 2a 1 0 0 0 24(1)
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Table 4. Anisotropic displacement parameters (A2X103) for AljsxZn,Mg;7. The anisotropic

.displacement factor exponent takes the form: -21rl[h2a2U11 +..+2hkabU;].

Un Uz Uas Uz Uiz Uiz

Al Mgy

Al() 18(1)  18(1) 16(1)  O(l) 0(1) 0(1)
Mg2)  22(1) 22(1) 22(1) 1(1) 1(1) 1(1)
Mg(3) 19(1) 19(1) 17(1) (1) 2(1) 3(1)
Mg@)  21(1) 21(1) 21Q1) 0 0 0

Alyg.a352Zn1 s85Mg17

A1) I9(1) 19 17) o) o)  o(l)
Zn(1) 19(1)  19(1) 17(1)  0(1) 0(1) 0(1)
Mg(l)  20(1) 18(1) 20()  3(1)  4()  3(1)
Mg() 24(1)  24(1)  24(1)  20)  2()  2(1)
Mg(3) 24(1) 24(1) 2401) 0 0 0

Alog15yZn1.195Mg17

A1) 171y 19()  191)  -1(1) o)  o(l)

7o) 17(1)  19(1)  19(1)  -1(1) o)  o(1)

Mg(2) 25(1)  25(1) 25(1) 2()  2(1)  -2(1)

Meg(3)  18(1) 21(1) 21(1) 4(1)  3(1)  -3(D)
Mgd) _ 24(D)  24() _ 24(1) 0 0 0
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APPENDIX A-4

The Crystal Structure of

Ta4Mn2_18(3)A15,32(3) COIIlpOllDd

Introduction

During a study on possible ternary Mn/Mg/Al intermetallic phases, when the reaction
temperature exceeds 1000°C, the Ta container reacts with reactants and, thus,

TasMny 183Als 523y with the MgZn,-type structure was found.

-

Discussion
Details of the single crystal data collection parameters and crystallographic
refinement results for TasMn; 1g3)Alsga3) are listed in the Table 1. The resulting occupancies,

atomic parameters, and residuals are listed in Tables 2 and 3.
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Table 1. Crystal data and structure refinement for TasMn; 133)Als 8203).

Identification code TasMny 13Als 8203
Temperature 293(2) K
Wavelength 0.71073 A

Crystal system hexagonal

Space group P 63/m m c (no. 194)

Unit cell dimensions

Volume

Z

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.80°
Refinement method

Data / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

a=5.0429 (1) A
c=8.2161(16) A

180.95(5) A°

1

20.921 mm™

393

0.25 x 0.26 x 0.30 mm’

4.67 to 27.80°.
6<h<6,-6<k<6,-10<I<10
907

107 [R(inf) = 0.0521]

100.0 %

Full-matrix least-squares on F?
107/13

1.224

R1=0.0217, wR2 = 0.0466
R1 = 0.0241, wR2 = 0.0475
0.0021(10)

1.287 and -1.576 e.A”
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Table 2. Atomic coordinates and equivalent isotropic displacement parameters (A

><103) for Ta;Mny 133yAls 52¢3)- U(eq) is defined as one third of the trace of the orthogonalized

Uj; tensor.
Atom Wyck. Occ. X y z U(eq)
Tal 4f 1 1/3 2/3 0.0627(1) 4(1)
Al2 2a 0.90(4) 0 0 0 8(2)
Mn2 2a 0.10(4) 0 0 0 8(2)
Al3 6h 0.67(2) 0.1711(4) 0.8289(4) Ya 8(1)
Mn3 6h 0.33(2) 0.1711(4) 0.8289(4) Ya 8(1)

Table 3. Anisotropic displacement parameters (Az X 103) for TasMny 1g3)Alsg2¢3). The
anisotropic displacement factor exponent takes the form: 22[h%a’Uy + ..+ 2hkab U .

Un Uz Us U Uis Uiz
Ta(1) 4(1) 41) 4(1) 0 0 21)
AlR2) 9(3) 93) 6(4) 0 0 5(1)
Mn(2) 9(3) 9(3) 6(4) 0 0 5(1)
Al(4) 10(2) 10(2) 92) 0 0 (1)
Mn(4) 10(2) 10(2) 92) 0 0 7(1)
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APPENDIX A-5

The Crystal Structures of

REFe,Si; (RE = La, and Ce)

Introduction

In the course of a systematic search for novel magnetocaloric effect materials in the
REFe,3.,Siy system, single crystals of REFe;Si; (RE = La, Ce) with BaAl,-type structure are

obtained whose structures are only reported from X-ray powder refinement.

s

®RE
$Fe
@®Si

Discussion
Details of the single crystal data collection parameters and crystallographic
refinement results for REFe;Si; are listed in the Table 1. The resulting occupancies, atomic

parameters, and residuals are listed in Table 2 and 3.
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Table 1. Crystal data and structure refinements for REFe,Si, (RE =La, Ce)

Identification code LaFe,Si, CeFe,Si,

Temperature, K 293(2) 293(2)

Wavelength, A 0.71073 0.71073

Crystal system tetragonal tetragonal

Space group I 4/mmm (no. 139) I 4/mmm (no. 139)

Unit cell dimensions, A a = 4.0380(6) a=3.9967(6)
c=10.172(2) ¢=9.870(2)

Volume, A? 165.85(5) 157.66(5)

Z 2 2

Absorption coefficient, mm!  21.706 23.722

F(000) 274 276

Crystal size, mm? 0.18 x 0.23 x 0.25 0.21 x0.16 x 0.28

26, for data collection, ° 46.44 54.66

Index ranges i, &, [ -4/4, -4/4, -11/10 -4/5, -4/5, -12/11

Reflections collected 490 407

Independent reflections
Refinement method

Data / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(1)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole
e. A3

52 [R{int} = 0.0170]
Full-matrix least-squares on F2
52/9

1.321

R1 =0.0264, wR2 = 0.0655
R1=10.0280, wR2 = 0.0669
0.000(3)

2.704 and -0.596

76 [R(int} = 0.0352]
Fuli-matrix least-squares on F2
76/9

£.210

R1=0.0199, wR2 =0.0428
R1=0.0199, wR2 = 0.0428
0.013(2)

1.147 and -0.869
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Table 2. Atomic coordinates and equivalent isotropic displacement parameters (A*x10%) for
REFe;Siz. U(eq) is defined as one third of the trace of the orthogonalized Uj; tensor.

X y z U(eq)

LaFe,Si,

La(1) 0 0 0 (1)

Fe(2) 0 Y2 Ya 9(1)

B C B L 0. ..0366%5) 8D

CeFe,Si,

Ce(1) 0 0 0 7(1)

Fe(2) 0 3 Ya 7(1)

Si(3) 0 0 0.3716(2) 7(1)

Table 3. Anisotropic displacement parameters (A*x10%) for REFe,Si,. The anisotropic
displacement factor exponent takes the form: -2n%[h%a?U; + ...+ 2hkabUjp, ]-

Ul1 U22 U33 U23 U13 Ui2

LaFe,Si,
La(1) 4(1) 4(1) 12(1) 0 0 0
Fe(2) 6(1) 6(1) 14(2) 0 0 0
Si(3) 5(2) 5(2) 15(3) 0 0 0
CeFe,Si,
Ce(1) 6(1) 6(1) (1) 0 0 0
Fe(2) 6(1) 6(1) 8(1) 0 0 0

Si(5) 7(1) 7(1) 8(1) 0 0 0
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APPENDIX A-6

The Crystal Structure of A New binary iron silicide:

Fe,(Fe.,Siy); (x = 0.503)

Introduction

This compound is obtained as a side product from the synthesis of LaFe;3Six. This
is a new binary iron silicide with Fe;Gas-type structure. It adopts a base-centered monoclinic
structure with space group of C 2/m (no. 12) (lattice parameter of a = 10.1588(13), b =
7.8638(13), ¢ = 8.0239(13) A, and B =105.609 A). Only two compounds are known for the
FesGay-type structure: FesGag and Cr;Gag.

Magnetic properties of psendobinary (Fe;xTy)3Gay (T = Ti, Cr) (0 <x <0.15 for Ti,
and 0 <x <0.20 for Cr) show competition between ferromagnetic and antiferro-magnetic
interactions, which leads to interesting spin glass properties.'? Also these compounds show
different site preferences for different Fe sites depending on the transition metals. Several
iron silicides are known®, and listed in Table 1.

‘Table 1. Crystal parameters for binary metal silicides.
Crystal system  Space group Prototype Lattice constants (A)

a b c
FesSi Cubic Im3m W 2.841
Fe,Si Cubic Pm3m 2.81
FesSis Hexagonal P6s/mem Mn;Si; 2.759 4,720
FeSi Cubic P23 4.488
a-FeSi, Tetragonal Palmmm 2.694 5.136

B-FeSi, Orthorhombic  Cmca FeSi, 9.879 7.799 7.839
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Details of the single crystal data collection parameters and crystallographic

refinement results for Fes(Fe.,Siy)s (x = 1.51) are listed in the Table 2. The resulting

occupancies, atomic parameters, and residuals are listed in Table 3 and 4

Table 2. Crystal data and structure refinement for Fes(Fe;.,Siy)s (x = 0.503)

Empirical formula
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Absorption coefficient
F(000)

Crystal size

20max for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.19°
Refinement method

Data / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

Fes 4903811 510y
293(2) K

0.71073 A
monoclinic
C12/m1 (no. 12)
a=10.159(2) A
b=7.8636(16) A
¢ =8.0239(16) A
617.3(2) A3

6

27.894 mm-1

1388

0.10 x 0.08 x 0.12 mm®
56.38°
-13<h<13,-102k<10,-10</<10
2637

764 [R(int) = 0.0366]

94.0 %

Full-matrix least-squares on F?
764/ 61

1.099

R1=0.0288, wR2 = 0.0660

R1 =0.0349, wR2 = 0.0682
0.0027(2)

0.878 and -1.246 e. A

B= 105.61(3)°
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Table 3. Atomic coordinates and equivalent isotropic displacement parameters (A% x 10%)

for Fes(Fe;«Siy); (x = 0.503). U(eq) is defined as one third of the trace of the orthogonalized

Uj; tensor.

Wyck. occ.* x y z
Fe(1) 8f 1 0.1521(1) 0.01923(1)  0.5563(1)
Fe(2) 8 1 0.1044(1) 0.2094(1) 0.1526(1)
Fe(3) 4i 1 0.4527(1) 0 0.6466(1)
Fe(4) 4i 1 0.2188(1) 0 0.9121(1)
Fe/S1(5) 2b 0.601(11) 0 72 0
Fe/Si(6) 4 0.484(8) 0.2700(1) 0 0.3467(2)
Fe/Si(7) &j 0.483(6) 0.1400(1) 0.3073(1) 0.8503(1)
Fe/S1(8) 4i 0.484(8) -0.0018(1) 0 0.6744(2)

* Fe occupancy within the mixed site.

Table 4. Anisotropic displacement parameters (A x 10%) for Fey(Fe1Siy)s (x = 0.503), The

anisotropic displacement factor exponent takes the form: 2n*[h?a’Uy, +...+2hkab U .

Uy Uz Us; Ups Uss Uz
Fe(l)  14(1) 12(1) 8(1) -5(1) 8(1) -8(1)
Fe2)  5(1) 11Q1) 1) 5(1) 3(1) 21)
Fe(3)  9(1) 10(1) 7(1) 0 2(1) 0
Fe(d)  13(1) 5(1) 11(1) 0 .6(1) 0
Fe/Si(5) 11(1) 9(1) o(1) 0 (1) 0
Fe/Si(6) 11(1) o(1) 7(1) 0 1(1) 0
Fe/Si(7) 10(1) 1(1) o(1) 101) 4(1) o(1)

Fe/Si(8) 11(1) 11(1) 9(1) 0 4(1) 0
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