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1 — Motivation and Background

Magnetic thin films of 3d-4d/5d transition metalogks such as Fe-Pt, Co-Pt, and Fe-Pd
are of technological interest due to their ordekdd tetragonal intermetallic phases, which
exhibit high magnetocrystalline anisotropies of KL&’ to 1 ergs/cm that are comparable to
rare earth magnets [1-6]. Rare earth permanenhetggbased on 3d transition metals alloyed
with the 4f lanthanide series, have become ubigsitsince their development in the 1970s
[7, 8]. Despite their prevalent use in moderrmtexdogy, they are limited by a tendency to be
vulnerable to corrosion, as well as brittle dua tack of available slips systems in their complex
crystal structure [7, 8]. Both of these issues canse intractable problems for nanoscale
applications. The strong hard-magnet propertfe3de4d/5d magnetic alloys, combined with
the ductility and chemical inertness of their erladbmetallic nature, allow these material
systems to remain above the thermally induced KV/lsuperparamagnetic limit at the
nanometer scale, making them ideal for applicationgltra-high-density magnetic storage or
micro-electro-mechanical systems [9]. Within tloisss of materials, Fe-Pd alloys possess
comparatively moderate magnetocrystalline aniseesopelative to Co-Pt and Fe-Pt. The Fe-Pd
system, however, exhibits a considerably lower eaofyorder-disorder transition temperatures
that renders the material well-suited for nanostned magnetic applications by enabling lower
processing temperatures [10, 11]. In addition,hiigh economic demand for Pt makes Pd based
alternatives of considerable technological interest

Experimental work to date near the;&ds; 5 eutectoid composition between thegL1
and L% phases of the Fe-Pd system, bounding one sideedéthnologically relevant Ephase

region, is limited and has left large uncertaintrethe experimental phase diagram (Fig. 1) [10].
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Fig. 1 —Partial experimental phase diagram of the Fe-Pderial system [10]. Of special note
is the eutectoid decomposition located atsiHeds15 from the disordered FC@ phase to the
1 - L1y (FePd) andy, - L1, (FePa) ordered phases. The uniformly dashed linesendiagram
represent uncertain boundaries in the experimeptase diagram; the broken lines represent
the magnetic transformation temperature.

The work included in this thesis began as an atteémpetter understand the complicated
phase behavior of this unexplored region of theatyindiagram and solidify a gap in the
experimental record. The related Co-Pt systemds®n shown to decompose into a novel,
strain-induced chessboard microstructure at thecenitli composition between its ordered, L1
and L% intermetallic phases [12, 13], and it is thoudtttproducing similar strain-induced
microstructures in related 3d-4d/5d material systamay be possible [14]. Strain-induced
effects are observed for theskgPds1 5 thin films presented within this thesis, but thteee of a

considerably different nature than the microstrraitbehavior produced at the Co-Pt eutectoid.
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1.1 - FCC Based Ordered Phases

This thesis will focus largely on the Pd-rich plaséthe Fe-Pd system, which consist of
a Face Centered Cubic (FCC) phase and theabdl LY: ordered structures derived from this
parent lattice. The conventional cell for the F@@ice is a cube with an atom at each corner
and situated in the middle of each face, contaimirigtal of four atomic sites (Fig. 2). Each of
these atomic sites in the disordered binary altow statistical entity that has some probability

of being either an Fe or Pd atom, and can be ttest@ compositional superposition of the two.

Fig. 2 —The conventional cell of an FCC structure, withtistical atoms at the corners and face

centers. This structure will serve as a parent webll ordered phases of the Fe-Pd system.

This FCC configuration results in a close-packeadicstire, with {111} close-packed
planes and <110> close-packed directions, and esmm having a coordination of twelve
nearest neighbors. The FCC structure is givenStukturbericht designation Al [15], and
Pearson symbol cF4, which can be broken down as &iawe centered with_a 4 atom cell [16].
This places the structure in space gréup3m, no. 225, with a statistical atom residing in the
Wyckoff 4(a) positions at (0, 0, 0), (¥, 0, %2)¥,,(¥2, 0), and (0, Y2, ¥2). The symmetry
operators of this space group are displayed inJig.

3|Cch.1
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+(0,3.,3), (3,0.3), (3,3,0)

Fig. 3 — The space group symmetry for the FCC structureessmted graphically with all
appropriate symmetry operators, along with a listah symmetric points [17]. The three-fold

axis running through the body diagonal is indicatf cubic symmetry.

1.1.1 - The LY Crystal Structure

The L1 (Stukturbericht designation) structure is a clystgaphic derivative of the FCC

parent lattice. The ordered structure has lessr®tny than its parent and can be envisioned as

alternating monolayers of two constituent elememsan FCC scaffold. These alternating

monolayers result in the large magnetocrystallmsairopies of magnetic llloys, giving the
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phase its desirable magnetic properties [18]. ddreventional unit cell for Lithas a Pearson

symbol of tP4 (tetragonal Primative 4-atom) anttlated closely to a compositionally modified

FCC conventional cell, as the tetragonal c/a rigtigenerally close to unity. The 4 primitive

cell is reduced to a tP2 two atom basis and igaélto the L3 conventional cell in a manner

superficially similar to the Bain correspondenceas=n FCC and BCC structures (Fig. 4).

Fig. 4 —The L} conventional cell (Blue) and primitive cell (Red)he conventional cell can be

seen to correlate to an FCC parent lattice withraio sites occupied by alternating layers.

This places the structure in space gré&dymmm, no. 123, with one element residing in the
Wyckoff 1(a) position at (0,0,0) and 1(c) positiain(¥z, ¥2,0), while the other element is found at
positions 2(e) at (*2,0, %2) and (0, %, ). Obseritre symmetry operators of theLdpace

group (Fig. 5), there is a notable absence ofeetfwld symmetry axis along the body diagonal,

representing a shift from cubic to tetragonal syrmype
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Fig. 5 — The space group symmetry for thep Istructure represented graphically with all
appropriate symmetry operators, along with a listal symmetric points [17]. Tetragonality

has eliminated the three-fold axis running throtigé body diagonal of the FCC parent.

1.1.2 - The L% Crystal Structure

The L1 (Stukturbericht designation) structure is alsaystallographic derivative of the
FCC parent lattice. The face centered atoms fatnWyckoff positions 3(c) at (%2, 0, %),
(¥2, ¥, 0), and (0, %, Y-) are now a different sgeti@n the minor constituent element at
position 1(a) (0, 0, 0). The conventional cell fdk, is its primitive cell, which corresponds
closely to the conventional cell of FCC (Fig. &)1, is in space groupm3m, no. 221, and as it
maintains cubic symmetry it has a threefold symynalong the body diagonal (Fig. 7).
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Fig. 6 —The L% structure conventional cell, which is also a sienplibic primitive cell.
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Fig. 7 — The space group symmetry for the, Istructure represented graphically with all
appropriate symmetry operators, along with a listah symmetric points [17]. The three-fold

axis running through the body diagonal shows thatECC cubic symmetry is preserved.
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1.2 - The Fe-Pd Binary System
1.2.1 - Overview

The experimental phase diagram commonly cited her Fe-Pd system is given by
Massalski (Fig. 8) [10]. At high temperatures aRd-rich compositions the diagram is
dominated by the FC@-phase. The Lgland L% ordered phases can both be found at lower
temperatures on the Pd-rich half of the phase dmga region that will be discussed later in
greater detail. The Fe-rich side of the diagramiasiinated at low temperatures by a two-phase
a-Fe + LY region, giving way to Body Centered Cubic (BC&)e for low Pd at % alloys.
With rising temperatures the Fe-rich side of thegdam transitions to an+ y two-phase region,
and eventually to solely-(Fe-Pd) after a possible miscibility gap. Neag #e-rich liquidus a
small region of BCG-Fe can be found, similar to the phase diagrantesf s

Pd Content (mass%)
70 a0 an 100
—+ T T TrTeT | A T
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Fig. 8 — The classically cited experimental Fe-Pd binanagd diagram given by Massalski
[10]. The work in this thesis will focus on the ES> L1, +L1, eutectoid at 61.5 at % Pd.
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Thorough reviews are available concerning the amyurof the Fe-Pd experimental
diagram [19-21]. Ghosét al.[19] in particular perform an excellent line-bydi analysis of the
entire diagram, which is reproduced partially ig.F along with their own computational work.
The studies determining the solidus-liquidus of thagram [22-24] and the Fe-rich features
[21, 25-28] are not of great concern for the setate Pd-rich work presented in this thesis. It is
worth noting ambiguities, however, in the regiomteaning the ordered FePd and Fegpliases.
The ordered phase boundaries in the experimerdgirain have been determined by thermal
analysis [23, 26, 29], magnetic measurements [B]),d¥fraction [32, 33], dilatometry [30], and
electrical resistivity [34]. The experimental diam given by Massalski relies heavily on the
data provided by Kuliman and Jessen [30] and Takeetul. [34]. It can be seen from Fig. 9
this data is not fully corroborated by all othendies, but both studies are in close agreement

with each other and large portions of the otherlalbke data points.

2000 | I | 1
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1600 -
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- 1400

O x+aANGER T X
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I

Temperatur
o N
o (=)
S O
l |

400 i |

T {
0 0.2 0.4 0.6 0.8 1.0

Fe Mole Fraction Pd Pd

Fig. 9 —A compilation of experimental work on the Fe-Pdg#hdiagram presented by Ghosh et

al. [19], along with the results from their own cputational model (added lines).
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Studies spanning the Fe-Pd diagram are availaldendenting both the lattice constants and
magnetic properties of the BCC, FCC,,Land LY phases of the alloy as a function of
composition [35, 36]. A comprehensive study of thiiusion behavior of both the Fe and Pd

species across all alloy compositions has also pablished [37].

1.2.2 — The Fegy 5Pds1 sEutectoid Region
The experimental phase diagram presented in pre\geation (Figs. 8 and 9) shows a
great deal of uncertainty in the region below tiC L1, + L1, eutectoid at 61.5 at % Pd. A

closer look at the experimental diagram can be maslgering on the eutectoid region (Fig. 1).

Weight Percent Palladium
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e [ e i e e
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Fig. 1 (Repeated) Partial experimental phase diagram of the Fe-Pdemal system [10]. Of
special note is the eutectoid decomposition locatedres P15 from the disordered FCC
y phase to the; -L1, (FePd) andy, - L1, (FePd) ordered phases The uniformly dashed lines in
the diagram represent uncertain boundaries in tkgeeimental phase diagram; the broken lines

represent the magnetic transformation temperature.
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One of the most distinctive features of the Fe-B&oid region is that the congruent
temperatures for both kAnd L1 types of ordering do not fall, as would be normatkpected,
on the stoichiometric FePd and FeRmbmpositions. This shift in the congruent ordgrin
temperatures is attributed to multi-body or magnigtieractions, as the magnetic contribution to
the free energy of the system is expected to laively large [38]. The Curie temperature,
above which the material changes from a ferromagtetparamagnetic state, is established for
the alloy from a number of studies [28, 30, 34,489, and has a maximum value at 50 at % Pd.
L1, type ordering is suggested to lead to a decreatigei magnetic transformation temperature
compared to disordered FCC, starting small andrding toward the eutectoid composition
[28, 30, 34]. The magnetic transformation tempesbdf L1, reaches a maximum at 75 at % Pd,
which is stoichiometric FeRd

Enthalpies of formation for the FCC based phagdehe system have been calculated,
with the prediction that both kland L% have enthalpies of formation in the territory 6f004
Ry/atom. The enthalpy of orderingH : disorder— order) however, is much greater for .1
than L%, as the enthalpy of formation for FCC drops frori0d Ry/atom to -0.001 Ry/atom
between the KkgPdo and FesPd;s compositions [41]. Several studies concerningnpino
dispersion curves, lattice constant modeling asurction of temperature, and calculated
migration enthalpies are also available for staofetric FePd and FepPf#2-47]. Of particular
interest are two papers that present computatjgmade diagrams for the Fe-Pd system modeled
from select experimental thermodynamic data, winay yield further insights into the alloy’s
behavior [19, 48]. Both of these models predictirdtection of the L} + L1, — L1, phase
boundary back to 70-71 at % Pd at 300°C. This tfpphase boundary inflection is a known

feature of all phase diagrams with ordered corestits; as thermodynamics aK@lictate that all
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ordered phases must be present as stoichiometectmpounds to minimize entropy; however
it will generally occur only at cryogenic tempenas. Both diagrams also experience a shift in
their eutectoid composition closer to 65 at % Pd arbroadening of their kH L1, two phase
region. While both diagrams differ significantipi the experimental phase diagram presented

in Fig. 8, namely in behavior below the orderingngition, they are remarkably similar to each

other (Fig. 10).
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Fig. 10 —Computational phase diagrams (Left) [19] and (R)gHd8] created by fitting select
experimental thermodynamic data. Notable changas the experimental diagram include a

shift in the eutectoid composition and a broademhthe L} + L1, two-phase region.

Extensive modeling of the technologically releveePd phase has been performed from
first principles by two academic groups using custariation methods. Mehaddert al.
[42, 43, 49-51] focused their work primarily on paotentials and migration energies within
the system. Mohret al. [41, 52-55], in contrast, closely address the andedynamics of the
system and analyze the contribution made by thragehal distortion, presenting a modeled

diagram of the L4 ordering transition. In this model, non-optimatragonality of the FePd

12|Ch.1



phase is shown to require an exponentially increasontribution to the configurational energy
[41]. The group was able to reproduce the ordemsition temperature from first principles
using both cluster variation methods and separatélly Lennard-Jones pair potentials [38].
Despite this success, in both cases the composifimongruent ordering was at 50 at % Pd
instead of the non-stoichiometric experimental galu This shift was attributed to the
unaccounted magnetic energy contribution to théesys The magnetic anisotropy of 3d-4d/5d
L1, alloys have been modeled, including FePd, fronm gpbit interactions using local spin
density approximations [56]. Vacancy movement @P& has also been reconstructed using
molecular dynamics, showing that diffusion shoubd disrupt long range order in the alloy [57].
Additional sources concerning the Pd-rich sideh&f eutectoid, including the ordered
FePd phase, are limited. Phonon dispersion curveswaodkled pair potentials are available for
both FePd[58] and Pd-rich (> 90 at %) FCC [59], as welldata on the electronic structure of
FePd [60]. The magnetic behavior of both the orderég and disordered FCC across the 70 to
100 at % Pd region has been directly measured #\ell as modeled for FeP®2]. L1, type

ordering is not expected to significantly impac thttice parameters of the system.

1.2.3 — Studies Approaching th&utectoid Composition

There are a handful of studies ofglHe-Pd in the 57 to 60 at % Pd range that provide t
closest data points published to date near thetidetwo-phase field. One of these is the only
known study to show a coexisting mixture of the lahd LL phases for Fe-Pd [63]. This
mixture was created by depositing Pd followed bydato NaCl substrates, creating 10 nm
nanoparticles of approximately 58 at % Pd on aweradhe resulting nanoparticles were
two-phase in nature and consisted of a Pd-richdote and Fe-rich Lglouter shell. The core-

shell structure of the particles was attributedh® order of elemental deposition and the limited
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annealing time of the particular study (10 min)thea than resulting from an equilibrium
two-phase field. Similar nanoparticle depositidnysthe same authors with longer annealing
times, also centered about 58 at % Pd averages, Yialded patrticles of only the pPhase
[64-67]. These studies provide a picture of how ®d saturated lklphase will behave
magnetically at the nanoscale. The nanopartialeshese studies were deposited at low
temperatures, forming in the disordered FCC phasd, subsequently annealed; the increased
kinetics available at higher temperatures allowfog transition into the ordered b1 For
~FePdsg particles undergoing annealing, ordering was fotmndegin around 500°C (1 hr) and
to fully complete at 600°C (1 hr). Of great im@orte to the findings later in this thesis, the
10 nm Fg,Pdsg nanoparticles reach a coercivity of 3000 Oerstednufully ordering to L3
Another study reports E¢°ds; 3 nm nanopatrticles (likely aggregated into lardasters) grown

by wet chemistry exhibiting a similar ordering tséiion temperature range and coercivities
above 1200 Oersted [68]. The closest study td-thgsPds; s eutectoid is based on the situ

neutron diffraction of heated nanocrystalline pomdecluding the FgPd, composition [69].

100 -
80 +
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40

204

L1, phase fraction (wt. %)

600 700 800 900

Temperature (K)

Fig. 11 —Select data from Ref. 69. Ordering to thg phase at several Fe-Pd compositions is
shown as a function of temperature (Left) as detezcthby neutron diffraction (Right).

14|Ch.1



This study shows that the fgBdso has a notably slower ordering transition than cositums
nearer to the stoichiometric FePd; completing ¢lose625°C than 525°C and lacking a distinct
onset (Fig. 11). Neutron diffraction can also pdevadditional information on the magnetic
moment of Fe atoms in a sample and confirms th&eaPds, the alloy undergoes a magnetic
transformation beginning at 250°C and completing3a6°C [69], agreeing well with the

experimental phase diagram.

1.2.4 — Effects at Fe-rich Compositions

Much of the literature on Fe-Pd concerns the He«i¢ L1, region of the diagram and it
would be negligent to review the system withouketlyi addressing some of the phenomena
found at these compositions. One cluster of acsiuely centers on formation of exchange
spring magnets of the magnetically seffe and hard Lglphases [70-74]. This requires a fine
microstructure of the two phases, allowing for metgncoupling of the Fe-rich phase, which
has a high saturation magnetization, with the laigércivity of the anisotropic lglto produce a
large magnetic energy product.

Near the FePd composition, ordering has been fawndesult in a very distinct
polytwinned microstructure [1, 5, 75-79]. In thmorphology macrotwins are themselves
comprised of a series of {110} microtwins, with tléernation of the Lgtetragonal c-axis
serving to relieve strain that would otherwise duiuring ordering (Figs. 12 & 13). The
coercivity of the polytwinned FePd microstructuserelatively low despite its fine structure, for
while it contains a high density of anti-phase d@wih boundaries, neither of these features
provides a strong retarding force on magnetic dormall motion [1]. Heavily cold working
and subsequently annealing the alloy below theicatitordering temperature results in
concomitant recrystallization and 4 brdering, avoiding the polytwinned morphology. iSTh
fine, essentially equiaxed, microstructure of tiystallites provides a higher density of domain

pinning sites and has an accompanying eightfolcease in coercivity [75].
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Fig. 12 —Select data showing both the micro and macrotwirthe polytwinned microstructure
of FePd [76]. A) Scanning electron backscattereglcegbn micrograph, B) Multibeam bright
field transmission electron micrograph, C) llluditn of the alternating tetragonal c-axes for
the microtwins of the structure.
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Fig. 13 — A closer look at the microtwins of a polytwinnedcnostructure of FePd by

transmission electron micrograph (left) [77], alongth a schematic of the magnetic domain

configuration where arrows represent the magneittratvectors (right).

The last major grouping of studies concerns thgHeg, composition, which has been
shown to exhibit phenomena ranging from vanishimgrhal expansion to shape memory alloy
behavior [80-89]. The INVAR effect that leads teglhigible thermal expansions across a certain

temperature range, classically observed in the iFgyBtem, originates from strong magneto-

16| Ch.1



volumetric coupling in the material; resulting irsizable negative magnetic contribution to the
thermal expansion that is large enough to offsetpsitive phonon contribution for relatively
low temperatures [87]. The shape-memory effectthld FeiPdy alloy results from a
diffusionless structural transformation from thegthitemperature FCC phase to a lower
temperature, lower symmetry martensitic phase, wimgportantly has multiple variants with
their own specific shape changes [88]. As theyalloferromagnetic, it is possible to affect its
microstructure by applying an external magnetitdfieFor low-anisotropy ferromagnetic shape-
memory alloys, applied fields result in conventiorraagnetostriction, i.e. rotating the
magnetization direction with respect to the magnesisy axis of the lattice, which does not force
a phase change and requires relatively little gng@@]. In the case of FgPdo, @ magnetic field
can physically rearrange the variants of martenkitewn as the Ferromagnetic Shape-Memory
Effect (FSME), resulting in large strains [89, 91]This requires a high mobility of twin
interfaces between the variants and large anisesdp constrain the magnetization to an easy
axis. The difference between these two mechansitastrated in Fig. 14.

Low Anisotropy High Anisotropy

I NMID L

TSI LA

.
.
.

5 B
Fig. 14 — Schematic drawing of magnetostriction (left) ar8ME (right) as the magnetic field

increases from top to bottom [88]. Arrows represt#re magnetic easy axis of each region.
Fe;Pdsp composition will follow the FSME behavior, whiclequires more energy for
transformation but results in larger physical chasgil ~ 0.6 %) [88].
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1.3 — Related Material Systems

Given the sparse literature available for the Bealfoy near the eutectoid composition it
is worth conducting a brief review of several rethtsystems. This will be limited for
conciseness to an analysis of their phase diagaahspecial observations on the microstructure
of eutectoid Co-Pt. Further references to thest¢esys, however, will appear in greater detalil

throughout each chapter in relation to specificasions.

1.3.1 — The Au-Cu System

The Au-Cu system serves as the archetypal FCQdbaskered system, exhibiting both
the L1y (AuCu) and two L1 (AuCuws, AusCu) ordered phases. Review literature for Au-Cu is
available covering experimental and computatioppreaches [92, 93], which are both in close
agreement. Only the Au@uhase of the system is considered to be protaym€ L1,
behavior, due to uncertainties concerning portiohthe AyCu region, therefore AuCu-AuGu
is the relevant eutectoid for study in relationF®g P15 (Fig. 15). Studies on this eutectoid
[94, 95] place it at 64 at % Cu and, while estdintig the likelihood of a eutectoid based on the
convergence of the FCC + ¢Bnd FCC + L1 lines, they make no distinct reference to the
microstructure underneath it or direct confirmatiointhe two-phase field. One older study
makes some attempt at phase identification at Idemperatures but, unable to detect the co-
existence of the Lgland L% phases, concluded that if a two-phase field edisteneath the
eutectoid it must be very narrow [96]. Some oftmay be attributed to the relatively low
ordering transition temperatures for the Au-Cu eystompared to Fe-Pd, Fe-Pt, or Co-Pt. In
combination with what may be a low driving forceanéhe eutectoid composition for a transition
between the two ordered phases, the temperaturge raf the order-disorder transition

dramatically limits the available rates of diffusiéor the ordered phases of Au-Cu [94]. If one
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of the ordered phases is nucleated first it magefbee come to dominate the system metastably,
even if the alloy exists in a two-phase equilibrifield. Both AuCu and AuCuexperience

congruent ordering at their stoichiometric composs.
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Fig. 15 —Partial experimental phase diagram of the Au-Cuarial system near the relevant
eutectoid [92]. The uniformly dashed lines in thagram represent uncertain boundaries in the

experimental phase diagram, notably bounding thepwase Ld + L1, region of concern.

1.3.2 — The Fe-Pt System

The Fe-Pt system is the most studied of the thrdered systems with strong magnetic
properties, due to its high magnetocrystalline @nipies, and exhibits an L FePt, L1 FePg,
and at least a metastable,LEe;Pt phase. The phase diagram of Fe-Pt, howevdrigidy
tentative as there are large disagreements betstedies. One of the most widely cited Fe-Pt
diagrams is presented at itsotlll, eutectoid in Fig. 16 [10]. The two-phase fieldove the
eutectoid presented in this particular diagram ggpees a notable strong linear shift with

temperature toward Pt-rich compositions.
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Fig. 16 —Partial experimental phase diagram of the Fe-Ptenat system near the relevant
eutectoid, from the source most widely cited erditure [10]. The uniformly dashed lines in the
diagram represent the large number of uncertainfutauies.
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Fig. 17 —Partial experimental phase diagrams of the Fe-Rtarial system near the relevant
eutectoid from more recent sources. Okamoto’silmaid97] diagram is close to Fig. 16 in form
excluding directly beneath the eutectoid. Thesedidiagram [98] becomes more similar to the

Fe-Pd diagram seen in Fig. 1, especially in theataan of the eutectoid.
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A more recent phase diagram, presented by Okamo1®93 [97] and revised in 2004
[98], is closer in character to the other relatgstams (Fig. 17). The most recent revision shifts
the congruent temperature of J.dway from the stoichiometric FePt and the diagstants to
resemble that presented for the Fe-Pd system IigReview papers are available covering the
contradictory experimental results and history bé tdiagram in further detail [97-100].

No report or direct observation of an FePt-BdfRtk microstructure has been made.

1.3.3 — The Co-Pt System

The Co-Pt system shares the same desiraljenabnetic properties of Fe-Pd and Fe-Pt
alloys and has the distinction of having publish@drostructural results for the b* L1, phase
region below its eutectoid. The exact form of e-Pt phase diagram is a matter of open
debate. Many older diagrams confirm the presehes d.1y phase, and a possibledrkegion is
only penciled in [10, 101]. Some newer studiesehauggested diagrams that include a
eutectoid, but agree on little other than the galnferm of the diagram; demonstrated by the

competing diagrams in Fig. 18 [42, 102, 103].
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Fig. 18 — Partial experimental phase diagrams (Left) [102jda(Right) [42] of the Co-Pt

material system near the relevant eutectoid, shgwisagreements in all but the general form.
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One particular study presents a partial phase amagf the Co-Pt eutectoid that can be
taken as particularly reliable, having been vedifiey high resolution transmission electron
microscopy and directly observing a two-phaseg +1.1, structure (Fig. 19) [104]. The authors
of this study take care, however, to note the diey approximate nature as chemical

inhomogeneity and damage from ion milling could betfully avoided.
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Fig. 19 —Partial experimental phase diagram of the Co-Pterial system near the relevant
eutectoid, verified by high resolution transmissab@ctron microscopy [104].

The Co-Pt microstructure produced in they K1L1, region is novel and consists of a
chessboard like pattern of £ &nd alternating variants of g.briented along the <100> directions
of the L% phase (Fig. 20) [12, 13, 104]. This microstruetis reached as the alloy attempts to
optimally relieve coherency strain caused by theag®nal L} phase forming within a cubic
matrix, and this mechanism has been successfullyetad for the system (Fig. 21) [12]. The
original high resolution transmission electron magmopy work on this structure is particularly

convincing and, though not reproduced here, desespecial mention [104].
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Fig. 20 —Dark field transmission electron micrograph higjtiting the L1 phase (L4 dark) of
the Co-Pt chessboard microstructure, along witltlaesnatic of the phase orientations [104].

.,

MBSl ¥ .3'-
Dark Field TEM
Simulation

Fig. 21 —Dark field transmission electron micrographs highting the L} phase (L3 dark) of
the Co-Pt chessboard microstructure as series ofealing time, along with a simulated dark
field contrast pattern [12]. The “tweed” contrash the images on the left is indicative of

coherency strain in the micrograph.
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Chessboard microstructures induced by coherenayngtave been found in several other
metallic alloys that experience a two-phase decaitipa into cubic and tetragonal/hexagonal
phases; including AuCu-Pt/Ag [105], (Ti,N#) [106] and NiFe [107]. Consequentially there is
a distinct possibility that chessboards could badpced as the eutectoid microstructure of the
Fe-Pd system. Columnar chessboard structures bege observed to form via the same
coherency mechanism in ceramic oxide films (Fig), 22ising the possibility that metallic

systems that exhibit chessboards in the bulk calslol be grown in a similar manner [14].

Diffraction

Simulation

Substrate
[110]

Fig. 22 —Simulated columnar chessboard microstructure matglthe diffraction spectra of a
ZnMnGaqQ thin film [14]. It may be possible to grow simililms from metallic systems that

exhibit the chessboard microstructure in the bulk.
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1.4 — Pulsed Laser Deposition

The Pulsed Laser Deposition (PLD) technique wast fised to deposit films in 1965
[108] but came into being as a field of study ie #arly 1980s [109, 110] and was popularized
later in the later in the decade after it was useduccessfully deposit some of the first viable
Type Il superconducting thin films [111]. At itore the technique consists of a pulsed,
generally ultraviolet, laser that is focused onteolid target inside a vacuum chamber, resulting
in ablation from the target’s surface and the tiensf energetic species to a substrate (Fig. 23).

Two broad books have been written concerning tbeqss and applications of PLD [112, 113].

Vacuum Substrate Heater

Chamber

Substrate
a /

‘I Focusing Lens
Plume
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I
. Laser Beam

Laser

Window ‘I

Target Rotator

Fig. 23 —lllustration of a typical PLD experimental setupn ultraviolet laser is focused onto a
rotating target inside a vacuum chamber, leadin@péating/ablation and formation of a forward

directed plasma plume with sufficient momentunmfaterial to reach a heated substrate.

The choice of ultraviolet wavelengths comes from liigh absorption coefficients of most
materials in the ultraviolet region, stemming fréme photon energy (~5 ev) being on the order

of typical bond energies. Pulses are generall\sehdo be of nanosecond length scale so that
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energy from the laser is thermally confined to tiear surface region, leading to the explosive
vaporization of a small material volume rather thark evaporation. The target is usually
rotated between pulses to avoid compounding topbdggal changes to the target surface, which
are known to alter both the effective fluence (gpgrer area) and the types of ejected species.

The ablated material results in the formation ofoeward distributed plasma plume
which consists of a mixture of excited ions, naostgdrs, nanoparticles, and micro-scale particles
that result from ejected topographic features dtededrops from the target surface. The density
and shape of this plume, and the nanoparticlesfoinat within the plume during flight, can be
controlled through the use of background gasesffg#frent molecules and pressures. Typically
inert gases such as Ar, Ne, He are used for depusijtbut reactive gases such gsallow for
the ready creation of oxide films. Material in thle@me eventually arrives at a substrate, which
is usually heated to enable faster diffusion ko®eti Much of the material arriving to the
substrate is still in an ionic or kinetically exagitstate, and arrives suddenly as a wave rather tha
as a continuous flux, resulting in films grown frd?b.D often possessing different properties
than similar films grown through other depositiechniques.

One of the strengths of PLD is that the stoichioynetf material deposited is often
preserved from the target material, largely resjpbdmsfor its success with complex
superconducting oxides such as ¥B&0Oy... This makes PLD a well suited choice for studies
involving single, exact compositions as many filoas be created from one bulk target; without

deposition parameters introducing variability imfistoichiometry.

1.5 — Fe-Pd Thin Films in Literature
Much of the technological interest in Fe-Pd as stesy comes in the form of nanoscale

magnetic applications. These require large magngttalline anisotropies (K) to overcome the
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superparamagnetic limit at small volumes (V), whrermal fluctuations in the sample can

randomly change the magnetic state over the N&edagon time

t(ns) = exp (ﬂ) 1)

kpT
A magnetic data storage device with a lifetime eaf years will require a factor of at least 35
inside the exponential of Eq. 1. This allows famaimum theoretical device grain diameter of
5 nm for FePd [114], which is the approximate mimmonset size for ordering behavior found
in FePd nanopatrticles [115]. The corrosion resweof Fe-Pd alloys is especially desirable in
conjunction with these small scales [116].

Fe-Pd thin films have been grown using a numbedeagosition techniques, including
Molecular Beam Epitaxy (MBE) [116-139], PLD [1403l4sputtering [118-120, 144-154] and
electrochemistry [155-157]. During deposition o&idSiO, substrates [116-120, 140, 144-148]
films tend to grow with random crystallographicesriation, favoring low energy {111} planes,
though strain induced by thermal mismatch duringliog can be used strategically to impart a
(001) preferential texture of the §.t-axis out of the plane [146, 147], as can theodijon and
annealing of multilayer structures [148]. EpitdXiams of Fe-Pd have been grown using MgO
substrates directly [118-126, 141, 142, 149-152],0n top of Cr [127-136], Au [137], Pd
[134-136, 137, 158], and Pt [139, 154] seed layaixf which help mitigate mismatch in lattice
parameters between the film and substrate. FerIFCC-based phases has been shown to align
Fe-Pd(001)[010] || MgO(001)[010] on MgO (001) sudnsts [123, 124, 149-151], while the body
centerech phase of the alloy aligns with a“%4®tation BCC(001)[110] || MgO(001)[010] [142].
The FCC-based phases of the system have also lmeew fto grow epitaxial on other
orientations of MgO so that Fe-Pd(110)[001] || MgOm[001] and Fe-Rd11)[110] ||

MgO(111)[110] [150, 151]. The light tetragonality of b FePd introduces only a small wrinkle
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into these orientation relationships, aligning thaxis preferentially out of the plane for MgO
(001) but aligning randomly on MgO (110) and MgQ1} so that they produce four and eight
possible L3} variants respectively. It is also expected thetP will grow epitaxially on NaCl
substrates, though this is has only been confirbyethe growth of cube-on-cube nanoparticles
and not films [63-67, 159]. Most films in the liédure are being grown explicitly for their 4.1
magnetic properties, but there is pursuit to aahiskiape-memory properties at theoPeso
composition [117, 122, 141, 142, 145, 153, 155].

The literature on Fe-Pd thin film growth via PL® light on deposition specific details.
The group able to achieve the highest quality fiji4l, 142] did so by depositing at room
temperature under ultra-high vacuum conditions dvg® (001), but they did not publish the
fluence, number of pulses, deposition time or rAgditionally, these studies were focused on
shape-memory properties so they did not include datg on ordering behavior. In another
study, films were deposited at a fluence of 3 3/onto Si, though the characterization provided
is rudimentary in concern to growth properties [[L40he remaining PLD study produced room
temperature films of an aggregated nanoparticuiatere at 9 J/cfn consistent with the very
high deposition rates they report. Fluences orotider of 9 J/cthtend to result in non-plasma
ejection of material from the target, and the gtowt poorer quality films; the optimal PLD
fluence for most transition metals being in thegenf 2 to 3 J/cm[112, 113].

Thin films generally deposit in the disordered ghaof an ordered system and
subsequently order, either by depositing at elelv&tenperatures or post-deposition annealing,
with the increased kinetics available approaching ordering temperature of the material.
Nanothin films are expected to order at lower terapges than the bulk [160] and FePd
nanoparticles are known to be fully ordered by @@fter an onset of ordering behavior around

400°C [69, 161]. This same 400°C onset / 600°Cpetion ordering behavior has also been
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observed in FePd thin film studies [126, 148]. @ty behavior is based on kinetics, so it is
possible to induce higher degrees of ordering @etaemperatures by using longer annealing
times or impacting the rate of diffusion througlogerties such as microstructure. The choice of
MBE onto MgO (001) over sputtering onto Si (001) tlee room temperature deposition of FePd
films has been shown to result in an earlier on$e&rdering during post-deposition annealing,
which is suggested to complete closer to 500°C-[IA@. Metallic seed layers on MgO (001)
have also been shown to promote c-axig &rtlering [154], and ion bombardment can bring the
order temperature as low as 200°C by introducirditimhal vacancies for diffusion [137].

Several thin film studies include the charactditwaof epitaxial film morphology as a
function of deposition temperature and provide wisbbckground for the films that will be
presented as results during this thesis. The mestiied of these tracks the morphology of

sputtered FePd on MgO (001), deposited between ab&8®00°C (Fig. 24) [152].

100§
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Fig. 24 —Atomic force micrographs of FePd on MgO (001) gnaawv four different temperatures
[152]. Of particular note is the formation of fasealong the <110> directions with the onset of

coalescence and island growth modes.
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With increasing deposition temperature the film banseen to transition from a nanoparticulate
state limited by diffusion, to a coalesced networlseparated islands with clear faceting along
the <110> directions. This results from largelyL@} facets for the networked film and lower-
energy {111} facets for the islands, as confirmgdatomic force microscopy.

Another study compares films deposited by MBE ahb®0°C and 100°C, the latter of
which was annealed post-deposition at 400°C for paomeon (Fig. 25) [125]. The films
deposited at 400°C grew as faceted islands, whdeet annealed after deposition formed voids
aligned with preferential orientation along two harjonal axes. The authors claim these
directions to be of type <100> but this is incotesis their own markings in Fig. 25, and it is

unclear from the paper how the direction was datexch
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Fig. 25 — Scanning electron micrographs of FePd on MgO (0@Y) grown at 100°C and
annealed at 400°C and (B) grown at 400°C [125].tIiBshow a clear trend for the film to facet

along two (somewhat ambiguous) orthogonal diredjgrossibly <100> or <110>.
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A third study also presents a film morphology wiltstinct rectangular voids faceted
along two orthogonal directions, in this case appfa, film grown at 630°C by MBE on MgO
(001) (Fig. 26) [122]. This film is claimed to laemixture of the FCC, BCC and § phases of
the system but no diffraction results are presentédioes, however, continue the strong trend

of orthogonal faceting behavior of voids and iskofithe Fe-Pd system on MgO (001) surfaces.

Fig. 26 — Scanning electron micrograph of an-fds film grown at 630°C by MBE [122]
exhibiting strong orthogonal faceting behavior ettangular voids. The darker rectangles are
claimed to be voids that have begun to fill witlpal&gting material, as opposed to the brighter

voids which show charging effects from the insotatgO surface.

These morphologies are specific to the native M@Q1) surface and not epitaxy in
general, as 50 nm FePd films grown by MBE at 34@A@&0 nm Pd (001) thin films, themselves
grown on MgO (001), exhibit an alternate trend FL36]. These films form a pattern of 2 nm
tall cross-hatched steps on the surface, determinetle the result of {111} microtwins
extending from the surface all the way into thesBOstrate (Fig. 27). Substrate conditions will

be shown in this thesis to play a crucial rolehia tinal morphology of Fe-Pd thin films.
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Fig. 27 —Scanning tunneling micrographs (a-d), with 100swale bars, of the Pd surface and 5
to 40 nm FePd thin films, along with an atomic ®roicrograph of a 50 nm FePd film (e); as

presented in Refs. 134-136. Cross-hatching from }{biicrotwins is visible on the surface.

The magnetic domain behavior of c-axis orienteddF&lilhs during magnetization has
been studied extensively using both magnetic fanagoscopy [162] and Lorentz transmission
electron microscopy [163]. FePd films with weaksatropy and small film thicknesses prefer
to align with a magnetic axis residing in-plane,iefthtransitions out of the plane as the balance
between the magnetostatic energy and the energyiladed from the uniaxial anisotropy
changes with film thickness [129-132]. The magnetaturation behavior of low deposition
temperature Fe-Pd thin films, presumably BCC/FC43, Ibeen observed across almost the entire
compositional range of alloys and is presentedign Z8 [30, 116]. L4 type ordering may lead
to saturations up to 30% higher [35, 164], thoughdtrain present in thin films is known to alter
the magnetic moments residing on both Fe and Adsato FePd [165]. Magnetic coercivity is

more dependent upon the microstructural, ordeand,crystalline properties of each film.
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[144]. The highest coervicities are found at 56 %t Pd near the congruent ordering
composition. Islands approaching the superparanmeignlimit experience a decrease in

coercivity, but still maintain hard magnetic progies across the Lglcompositional range.
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For FePd films coercivities routinely range betwdekOe and 5 kOe [118, 120, 121,
125, 144, 146-148, 156]. Coercivity studies asracfion of island diameter and composition, of
single domain Fe-Pd island forming films annealédb#°C on Si, provides a reasonable
expectation for thin film coercivity behavior (Fig9)[144]. Coercivity of L1y Fe-Pd can be seen
to reach a maximum at about 56 at % Pd, which ishmtloser to the congruent ordering
composition of 58 at % Pd than stoichiometric FeFdms below 50 at % Pd are two-phase in
nature as predicted by the phase diagram, exptathie lower coercivities in the Fe-rich range.
Disappointingly, crystallographic analysis was aacteéd in intervals stopping at 59 at % Pd and
was is not presented for the eutectoid region. i$laed size has a large influence on coercivity
for diameters below 12 nm. 3 nm nanopatrticlesctvimay have trouble maintaining long range
order, can still register coercivities above 1 kQdese findings are important in relation to the
results presented later in this thesis, where amonous lack of coercivity will be used as

supporting evidence.
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2 - Experimental Procedures

2.1 - FegPdsy 5 Target

An Fesg P15 target for PLD was prepared by vacuum arc-meltirgh purity metals
(> 99.95 at %) in an Ar atmosphere, followed by bgenization at temperatures above 900°C.
The ingot was subsequently worked into a suitablget by repeated cold-rolling and then
annealed to induce recrystallization; this createtlat sample wide enough to be used in a
standard 1" diameter PLD target holder (Fig. 1)aclt deposition would start on a polished
portion of the surface. When areal overlap with #blation tracks left by previous depositions
could not be avoided, the target would be polishadk to a 1200 grit finish with SiC paper,

sonicated to remove debris, and rinsed with ethanol

Fig. 1 - The Fgsdds15 PLD target seen post-deposition. Two ring shageposition tracks
show differences to the target surface resultiognfiablation of material as the target is rotated.
2.2 - Deposition Setup and Conditions

All film samples in this thesis were prepared byDPfrom a single Fg P 5 target
using a KrF excimer laser (Lambda Physik COMPex, 205 248 nm; 25 ns FWHM) at a
repetition rate of 10 Hz for 12-30 minutes, runniaga fluence of 3.0 J/dn The optical

pathway (Fig. 2) started at the laser window and vedlected off an adjustable “4&ltraviolet
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mirror, allowing the beam to be centered onto #rgdt inside the PLD chamber. The beam was
then passed through an aperture and focused oattathet with a 25.4 cm focal length lens,
passing into the PLD chamber through an ultravimletsparent vacuum window. An adjustable
iris diaphragm aperture was used, set to remowy stcattering from the mirror and control
collimation, rather than removing a significant foam of the high intensity beam. The intensity
of the beam was measured inside the chamber vpthaelectric energy meter averaging twice
over 125 pulses, and the spot size at the targetdetermined with ultraviolet sensitive laser

burn paper (Laser Alingment Products Zap-I1t™).

o | ;
) 4S°error M"%‘.’.'pr

—_
»j-?

|
» 5

Fig. 2 - The laser beam optical path used for the depasitiball samples in this thesis. The
adjustable 45° mirror allows for position controlitin the PLD chamber, while the aperture

serves to remove diffuse scatter and collimatétdam.

MgO (001) oriented substrates (CrysTec GmbH, Sigxdaich or MTI Corp.) were
mounted using colloidal Ag paint (Ted Pella) to a@iWhc resistive heater located 5.5 cm from

the target (Fig. 3). The temperature was mortdrg two k-type thermocouples, one located
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inside the heater element and the second placetheorsurface. Substrates were held at a
temperature within two degrees of 500°C, 550°C,°60@r 650°C during deposition, which was
started once both thermocouples were in agreenmeina steady state was reached. Prior to each
deposition, the chamber was evacuated to high vaq@* Pa) with a turbomolecular pump
while the heater reached deposition temperatueesoving volatile elements as the colloidal Ag
paint annealed. The chamber was then backfillec tdeposition pressure of 100 mTorr
(13.3 Pa) with Ar, and the polished PLD target wasditioned at 10 Hz for one minute with the
substrate shuttered. Conditioning helps to removeskible surface contaminants from the
target, as well as oxidation, without depositingnthonto the substrate. Immediately following
deposition the samples were cooled to room temperdty venting the chamber with Ar, falling
from 600°C to 300°C within approximately 20 minuteBhe films when then removed once the

heater reached 50°C and was safe to handle, thexdswithin a desiccator until analysis.

\ all
Target Holder } Substrate Location

Y

Fig. 3 - Configuration inside the vacuum chamber (targeldéo retracted slightly for view).

The shutter allows for deposition to be paused evthie laser conditions the target, while the

two thermocouples (TC) monitor the temperaturéhefresistive heater.
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2.3 — Characterization Techniques
2.3.1 - Scanning Electron Microscopy (SEM)

One of the primary characterization techniques wseadll samples in this thesis was a
JEOL JSM-6700F cold cathode field-emission scaneilegtron microscope equipped with an
annular backscattered electron detector. At firgiciple SEM employs an accelerated electron
source (order keV) which, controlled by a serieaértures and magnetic lenses, is focused to a
probe and rastered across the surface of a samajgeihder vacuum. This results in a number
of different elastic and inelastic interactionsgdahe emission of electron (secondary, Auger,
backscattered) or photon (cathodoluminescence yX}rsignals which are subsequently picked
up by various detectors located around the SEM bleaifd ].

Secondary electrons are produced by the inelagtiation of valence electrons in the
sample by the electron beam, leading to their selda 50 eV). These free electrons are then
pulled from the sample by an Everhart-Thornley deteheld at a small positive bias inside the
vacuum chamber. Due to their low energy, only sdaoy electrons created at the surface of
the sample are able to reach the detector, prayithie best resolution of all the SEM signals and
limited predominantly by the focusing power of thegnetic lenses. With good alignment,
proper conditions, and appropriate samples theluiso will approach ~1 nm in scale. This
high resolution, combined with good signal prodoctimakes secondary electrons the normal
imaging mode for most SEM work, and a common tawl the analysis of microscale or
nanostructures. The samples in this study wergeaashavithout the addition of a conductive
coating, at an operating voltage of 5 kV and beamenit of 20 pA to avoid surface charging.

Backscattered electrons come from elastic Ruthéoattering in the material, leading

high-energy incident electrons to change directind leave the sample. Backscattered electron
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signal is therefore more sensitive to surface togpl(escape path) and atomic number density
(protons for scattering) of the sample, making seful in the compositional analysis of flat
samples. The resolution of backscattered elecgtrimnoscopy is broader than that of secondary
electrons, as electrons now travel deeper intsdémeple and spread with scattering over a larger
interaction volume. For bulk materials this for¢ks use of lower voltages (lower penetration
depths) to increase resolution, but is made diffioy a corresponding drop in backscattered
signal. For thin films it is desirable to place thackscattered interaction volume solely within
the film. The MgO substrate is considerably lesas# than the Fe & Pd in the films, and
without loss of generality backscattered electi@agshing the substrate can be taken either to be
lost out the back of the film and do not reach de¢éector, or are scattered so broadly by the
substrate before return to the film that they pdevonly diffuse signal. Monte Carlo simulations
can be used to approximate the interaction volunteeectron paths, and thus resolution and
yield, for Fe-Pd thin films [2, 3]. Fig. 4 showsur Monte Carlo simulations for Fe and Pd
(approximated as Ag\Z = 1) at beam energies of 5 keV and 20 keV, peréal for 100 nm
thick films [3]. It can be seen that at 20 keV fmth elements most electrons travel into the
substrate before they could be deflected backdaosthiface, resulting in both poor signal and a
very broad resolution. Lowering the acceleratiogfage to 5 keV, many electrons now escape
through the surface as backscattered electronsmastl do not reach the substrate at all. The
majority of escaping electrons occur within a 50 dimmeter spread with a roughly Gaussian
distribution, and the highest intensity is focusethin 10 nm of the incident beam. This is
qualitatively confirmed later by samples in thigdls, which are able to resolve features with a

backscattered resolution in the territory of 10 aind keV.
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Fig. 4 - Monte Carlo simulations for100 nm thin films of &ed Ag (~Pd) at 5 keV and 20 keV
beam energies [3]. Both elements have a higherluésa and signal of backscattered electrons

at 5 keV, as most incident electrons exit the lodidke film at 20 keV and are effectively lost.

2.3.2 — Energy Dispersive X-ray Spectroscopy (EDXS)

When an energetic (keV) electronic beam interadtts material, tightly bound core-shell
electrons can be removed from individual atomsyitea behind vacancies and an excited
electronic state. Through a limited set of traoes allowed by quantum physics, outer-shell
electrons relax to fill this vacancy on the picas®t time scale and emit photons in the X-ray
intensity range characteristic to the element wmedl The spatial resolution of EDXS is on the

order of micrometers and follows the approximation

0.064 (Eq(keV)17 —Ey(keV)17) (1)

R(um) =

Pmass
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where g is the beam energyx ks the energy of the characteristic X-ray beingested, and
pmass IS the mass density of the material [1]. This rmpepatial resolution will require the
inclusion of additional compositional analysis teicfues for the quantitative analysis of
nanoscale structures.

EDXS is generally a qualitative method when emetbin conjunction with SEM, as it is
heavily dependent on spread and absorption ohitident electron beam and internal absorption
of the characteristic X-rays. Software packagegduo the specific machine and detector being
used, and modeling the background radiation presantbe utilized to reduce some of this error
and produce “semi-quantitative” results. Througk tigorous application of constant beam
parameters, long acquisitions and multiple stargjatee technique can also be used to produce
close quantitative results for a specific sample [4

EDXS for this thesis was performed on a Princet@m@®a Tech (PGT) Prism 2000
Spectrometer with a resolution of 135 eV (FWHM) ipged to the SEM. Running at an
accelerating voltage of 20 keV, working distancel6fmm, current of 0.04 nA, and take-off
angle of 3%, bulk samples of pure Fe and Pd were calibratedtire PGT Spirit microanalysis
software. Acquisitions were performed until thejonacharacteristic lines of the elements
reached 10,000 counts (approx. 20 min), and the tiee of the detector was held under 15% to
reduce artifacts. Maintaining the same conditiomsbulk sample with a known §&ds5
composition was then analyzed to account for chewdge to inter-elemental mixing, exhibiting
a relative increase in the predicted Fe value a#&@t % Fe. This second standardization

accounts for hard to model interactions involvimgss-species absorption and fluorescence. In
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the compositional vicinity of EgPdso this mixing interaction should remain approximsatel

constant and the E#dspsample can be used as a reliable standard usirigliining equation

Ipe Fe At% 5
mix Pd At% ( )

Ipg

with Knix = 1.298 , which can be applied generally to theyeaof Fgg P15, The Fgs P15
bulk target is measured pre-standardization by gbh#ware to be 54.91 at % Pd, and
standardizing off FgPd5 this results in a predicted composition of 61.2%%@Pd. The error
commonly associated with this methodology is + 2 26, this result agrees well with the
expected Fg P15 composition of the target.

Limited EDXS was also performed during transmissglactron microscopy on an
EDAX Titan 300ST detector with an ultra-thin windamd a resolution of 134 eV (FWHM).
EDXS is naturally quantitative in transmission &lec microscopy as the thin samples and
higher beam energies needed for transmission 8priéad of the electron beam and eliminate

many of the more complicated effects present imsicg microscopy.

2.3.3 — Atomic and Magnetic Force Microscopy (AFM-NFM)

AFM is a type of scanning probe microscopy, wherénaly controlled mechanical
cantilever makes physical contact with a surfacéeafastering across it, producing a direct 3-D
map of the sample’s surface topography [5]. MFNizags a thin film magnetic coating on a
standard AFM tip. Running just above the surfat¢he sample without making contact, the
pull on the cantilever due to magnetic forces canubed to observe and map the magnetic
domain structure of the sample [5, 6]. Specifimgkes were characterized by both AFM and
MFM using an Asylum Research Cypher Scanning Prgl@oscope with a Si AFM tip

(9 nm diameter) and a CoCr coated Si MFM tip (47diameter).
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2.3.4 — Vibrating Sample Magnetometry (VSM)

VSM is a technique used to measure the magnetieit@gs loops of small samples by
monitoring the flux change in a solenoid coil wheesample is mechanically vibrated in close
proximity [7, 8]. In practice the sample is secuon a vibrating rod located across a 2 cm gap
separating two solenoid coils that together gereaatariable magnetic field. This allows for the
measurement for the magnetic moment (and thus rtiagtien) of a sample for a given applied
external magnetic field, which in turn can be usedalculate useful magnetic properties such as
coercivity and saturation magnetization. For thilim samples the measurement can be made
either with the magnetic field running perpendicuta parallel to the film’'s surface. All

hysteresis measurements in this thesis were coedioct a 7400 Series LakeShore VSM.

2.3.5 — Auger Electron Spectroscopy (AES)

Auger electrons are emitted as one of the mangstyb signals during SEM in a process
similar to the creation of characteristic X-rayAfter a core-shell electron is excited out of an
atom by the incident electron beam, an outer-seditron relaxes to fill the vacancy. Instead of
emitting energy in the form of a characteristic &¢photon, the process transfers energy to a
third electron in the form of kinetic motion, leadito its ejection from the atom. These Auger
electrons have characteristic energies on the swaleundreds eV that are dictated by the
allowed quantum transitions within the excited atoifhis relatively low energy range makes
Auger electron detection surface sensitive, witsohation falling between secondary and
backscattered signals, and much more localized dmamacteristic X-rays. As the sampling
depth of AES is only a few nanometers, and thederi electron beam can be focused to less
than 10 nm laterally, high resolution Auger mici@sy is critical to quantitative compositional

analysis at the nanoscale [9].
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Auger electron microscopy for compositional anaysias performed on a Physical
Electronics PHI 710 Scanning Auger Nanoprobe Micopg in collaboration with Dennis Paul
& Dr. John Hammond of Physical Electronics. Thefae sensitivity of Auger spectroscopy
requires in-situ cleaning of the surface, and asitin Ar ion sputtering source (2kV, 1uA) was
utilized to remove surface contaminants originatingm sample exposure to ambient air
between deposition and analysis. Zalar rotati@12] was employed during sputter cleaning to
minimize topographical effects [13] and a cylindtienirror analyzer was utilized to reduce

analyzer induced shadowing.

2.3.6 — High Resolution Transmission Electron Micrscopy (HRTEM)

Samples deposited via PLD onto TEM grids (20 nntioaous carbon, type-a, Ted Pella
1821) were characterized via bright-field high te8on transmission electron microscopy on an
FEI Titan STEM equipped with a Schottky field-enmgsgun, operating at 300 kV with a point
resolution of 0.2 nm (information limit 0.09 nm).

In contrast to SEM, the electron beam in HRTEM pasthrough a thin sample
(1 to 50 nm) and a micrograph of the image plani#&adtion plane, or additional signals or
spectrographic results are collected on the ottt sPhase-contrast of the electrons passing
through the sample allows for the atomic resolutoalysis of crystal structures [14]. This is
often done by using a Fast Fourier Transform (FEd)view the reciprocal space of a
micrograph, which can be interpreted in a mannailai to an electron diffraction pattern. An
example is presented in Fig. 5, showing two FeaRdoparticles grown by the author using
Matrix Assisted Pulsed Laser Evaporation (MAPLE)nfr metal-acetate precursors. It can be
seen through FFT analysis of the phase-contragia@mpéane micrographs that the particles can

be determined to be of two different,ddhd LL, ordered structures.
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Fig. 5 - (A) HRTEM micrograph of an LIFe-Pd particle deposited by MAPLE as seen down a
<111> direction (B) Fast Fourier transform (FFT) reciprocal space tife micrograph,
showing L}% superlattice peaks and three-fold symme{G) Modeled L1 electron diffraction
pattern (D) HRTEM micrograph of an lyJFe-Pd particle deposited by MAPLE as seen down a
<111> direction (E) FFT of the micrograph, showing only J kuperlattice peaks with

a characteristic c-axis stretch and a breaking loé three fold cubic symmetry(F) Modeled

L1, electron diffraction pattern.
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2.3.7 — X-ray Diffractometry (XRD)

The label of XRD covers a large range of techniqieeg involve the interaction of
X-rays with a sample and the subsequent measuredaiethieir distribution with a detector.
These all involve scattering following Bragg’s Law, diffraction, off of the crystallographic
planes of the material, supplying information aboréntation and crystallographic properties.
A number of geometries can be utilized for diffranf with each providing a different subset of
information. Data presented in this thesis wasectdd unde-26, ¢-rotation, or Reciprocal
Space Mapping (RSM) conditions. From this datapprties such as lattice parameters,
crystallinity, strain, epitaxy, orientation, anddering can be deduced. X-ray Reflectivity
(XRR), utilizing Fresnel’s equations for reflectiyi can additionally be used to predict the
roughness and thickness of thin film layers. Allstallographic analysis was performed on a
Rigaku SmartLab X-Ray Diffractometer using a Ge 0)222-bounce incident beam
monochromator, parallel beam setup, and @ud-kKadiation. The standard XRD geometry for an

epitaxial film is shown in Fig. 6, highlighting conon terms that will be used in this thesis.

Fig. 6 - lllustration of different parameters in an XRD tpial film geometry, including the
Bragg angled, as well as the definitions gfrotation andy-tilt.
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2.4 — Quantitative X-ray Diffraction

Through the use of quantitative XRD analysis, thieemt and nature of crystallographic
ordering can be determined by comparison of diffoacpeaks associated with fundamental and
superlattice reflections of a crystal structurectsanalysis can be quite complicated and requires
a firm understanding of the many interactions aeigctor geometry effects that occur during the
diffraction process [15-19]. These correction teame derived in detail in this section.

Bragg diffraction occurs when electromagnetic wawés wavelength X), comparable
to crystallographic plane spacing, are scatteredth®y sample and undergo constructive
interference. For many materials this requires 8® often generated in the laboratory setting
from characteristic electronic transitions in 3dnsition metals. These X-rays are scattered
elastically by electrons in the material, knownTéd®mson scattering (the quasi-nonrelativistic
case of Compton scattering in the lower energy eaRyg << E << ng?), a process that causes
the electrons to oscillate as Hertz dipoles andiveca source of re-emitted radiation. A free
electron at position Rwill be impinged by an incoming X-ray plane wavee&p(iKoRo-imt),
where B is the electric field, Kis the wave vector, and is the angular frequency. As time
dependence is not of concern thé term can be discarded for simplicity. The ostiflg single

electron will then emit radiation with outgoing weavector K, with an amplitude at position R of
E(R) x %sinA(EO, R) exp(—iKR) (3)

As the scattering is elastic, K and ghare the same magnitude af)2 For the many atoms in a
crystal, each located at a lattice vectprrma + nb + rsc where a, b, and c are the lattice

parameters, the scattering at position R from aaoteln at position,rcan be written as

E,(R) < exp(—iKy1;,) IRf_Ornl sinz(Ey,R — 13,) exp(—iK(R - rn)) 4)
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Supplying that interatomic distances are small caneqb to the area being measured, R~ R,

the sum over all the scattering atoms in the clysithbe
Eqy(R) o exp(—iKR)=2sinz(Eg, R) % exp(—i(K — Ko)73) (5)

The vector K-l can be collected as the vector Q, known as thieesitay vector, which has a

magnitude of 4sin(©®)/» (Fig. 7).

Fig. 7 - lllustration of the scattering vector Q geometmhich is constructed by subtracting the

initial wave vector K from the outgoing wave vector K.

In order to determine the conditions for constrestinterference we must look at the

difference in the phase of the scattered radiataarsed by translating, which follows

Ap = (1, Q) (6)

For constructive interferendg) must equal 2N, where N is an integer, so that radiation coming
from all points in the structure remains in pha3e. find the solution satisfying this condition a
reciprocal latticeyi* = ha* + kb* + Ic* is introduced, where a*, b*, drc* are reciprocal space

unit vectors of a primitive lattice, related to tteal lattice by

a-(bxc)’ =2n b (cxa) ;o= 2m c- (axb)

£ _ bxc % cxa % axb (7)
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With this reciprocal lattice defined, it is easyfinod values of the scattering vector, Q, which

force Eq. 6 to take values oflq, utilizing the relation
Thi" "1 = 2mw(hny + kny + Ing) = 2n(N; + N, + N3) = 2nN (8)

Solutions for constructive interference will themes follow Q = fy*, where ky* is the inverse

of the interplanar d-spacing of reflection (h,)kwhich for an orthogonal system can be written

. 2m 2\ (12
Q= Tua" = g0 = 2”\/(2) +() + () ©)
Knowing the magnitude of Q, found in Fig. 7, thimglifies into the form of the well-known

Bragg's Law, with the geometric derivation illuged in Fig. 8.

A= 2—————sin(6) (10)
@+ )
ﬁ A\/A\/\v/\v/\ Z. X
A M2

d sin(0)

ni = 2d sin(0) asinO 02 = 2d sin(0)

< Constructive
Interference

[
[~ < Destructive

Interference

@
@ @ @ @ @ @ @ @ @ @ @ @ @ @ @ @ @ @

Fig. 8 — The classic geometric derivation of Bragg's lallusitrated for both perfectly

constructive and perfectly destructive interfereacenarios.

In order to arrive at quantifiable intensities taems in Eq. 5 must be analyzed further, as
reflection intensity will follow lec (E)(E*), or | < E? for most crystals under the kinematical

theory limit, where the sample can be viewed asaaic of small perfect crystals (i.e. “ideally
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imperfect”) and multi-scattering effects can beagrd. The last term in Eg. 5 can be re-written

as Eq. 11 by applying a continuous limit and definan electronic charge distributipg

Ynexp(—i(K — Ko)r,) = [ pe(r) exp(—iQr) dr (11)

As the structure is composed of repeating uniscélle intensity scattered will be proportional to

this base repeating unit; which itself can be didithto a summation of the atoms within it.

Joou o) €XD(—1Qr) dr = Tceis g0 Pe () exp(=1Qr = 1)) dr  (12)

The term being integrated in Eq. 12 (Eq. 13) isvkmoas the atomic form factory,fand

represents the integrated scattering caused lgleélb&ons in an atom of species x.
fi = Lypom Pe(r) exp(—iQr) dr (13)

The atomic form factor determines the strengthcattering from a given position of the unit cell
and will depend on the element located there, lést®nic state, and the scattering vector Q.
Experimentally it can be computed from numericattHge-Fock wave functions, fitted with nine

coefficients to the following equation

() =Yt aexp (—bi (%@)2) +C (14)

Solutions to these wave functions are availablesrdgned from experimental data (Fig. 9) [20].

Iron Palladium

=) 1 | 2 | 3 | 4 M-l 1 | 2 | 3 | a |
a; 119185 7.0485 3.3434 2.2723 a; 19.5123 15.3800 5.3833 0.8101
b, 4.8739 0.3402 15.9330 79.0339 b. 0.6858 7.9571 23.1808 65.9295

¢ 1.4082 ¢, 4.9143

Fig. 9 - Solutions for Hartree-Fock wave functions in Ed, Hetermined empirically and

satisfying the atomic form factor of Fe and Pd [20]
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Having satisfied the integral, Eq. 12 can be reduocea simple summation that is known as the

structure factor, F, of the material.

F = Yceu faexp(=iQr,) (15)

From the derivation of Bragg diffraction we knowatfconstructive interference can only occur
at certain lattice plane conditions, moving frormgmel lattice coordinates j(my,, ng) to unit cell

positions (X, y, z) in Eq. 8, we can express thacstire factor in its most classic form

Fri = Yceu fnexp(—i2n(hx + ky + 1z)) (16)

The structure factor, kg, accounts for the contribution of each atom inuhé cell to a lattice
reflection (h, k, ) of the crystal. As Euler'siagion & = cos(x)+ i sin(x) can take both positive
and negative values, atoms are able to destrugtiveerfere and modify the intensity of
reflections. Summed over the n atoms of positiony( z) in the crystal structure, this term
determines the classification of extinct, fundamagrdand superlattice peaks. The structure factor
will affect the final intensity asd Ry’

The term sinz(E,, R) remaining in Eq. 5 accounts for the polarizingeffof reflection
off a sample. Incoming X-rays have E-fields vibrgtin directions perpendicular to their
propagation. For an unpolarized source, polaomais randomly distributed but can be sorted
by projection intos-polarized photons with an E-field vibrating in thiane perpendicular to the
diffraction plane, and-polarized photons that vibrate in the diffractiplane. Fors-polarized
photonssinz(E,, R) = 1, while forzn-polarized photonsinz(E,, R) = |cos26|. As the intensity
follows the square of the electric field, and bptilarizations are equally likely, a polarization

correction for an unpolarized source can be reached

1+cos?(20)
Punpolarized =T 5 (17)
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For diffraction employing a monochromatic sourcetaxs arrive to the sample already
partially polarized. Correcting for this is notrgile and will depend on the heavily on the
monochromator being used. For source monochros&tactioning in the plane of diffraction,

this will further affect the intensity of thepolarization component by a polarization facter p

1+pg cos?(26)
P = _Fo=7° 27 18
monochromated 1+po(26:m) ( )

The polarization factor pfor the Ge (220) single crystal double bounce mbnmmator
(0m = 22.69) used in this thesis can be found by adding aiplictitive term dependent on the
Bragg angle of the monochromator for each reflectioNith single crystals the kinematical
approximation used to arrive at thepolarization from a mosaic crystal, é%),,), is no longer
appropriate and the dynamical approach modifies téren to |cos@,)| [19, 21, 22].
Consequently, for the monochromator used in thislysiy ~ |cos(B.)[>. In real systems the
actual polarization will reside imperfectly betwethrese two extremes, so it is important to
address it as a possible source of error. Anabfstomplex superlattice structures, discussed in
Chapter 4, will be performed with the relative md#ies of two pairs of peaks. Errors associated
with this term are completely canceled for the mamiigcal of the peak pairs, which is used to
determine the type of ordering present, as the shlre a common Bragg angle at different
x-tilts. The second peak pair has two differést and is used to determine the degree, as
opposed to type, of ordering; which is less critita the major findings of this thesis.
Reasonable deviations of, for example p= |cos(By)[*°, lead to a < 2 % error in the relative
intensities of this pair when applied to the actaa, and a maximum of 6 % for the extreme
limit po = [cos(®)[*. Any errors introduced here further support mdjpndings, which are
conservative. The choice of p |cos(®m) results in some films reaching but not exceeding
100% ordering, which circumstantially supports éippropriateness of the approximation.
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Having already arrived at two terms that affect théfracted intensity, this is a
convenient point to collect these and any additicc@rections to be made into a single
expression, which can be written as

I < (Fy)?*M*L*G*PxAxTx*D. (19)

The multiplicity term M accounts for the numbermea in a crystallographic family, for
example M = 8 for the {111} planes of a cubic sture. This term can be ignored for epitaxial
samples as each peak represents a single varitve cflection family.

The Lorentz (L) and geometry (G) factors are ofteflected into one term with the
polarization factor (P), and collectively referréal as the Lorentz-Polarization factor. This
simplification is only appropriate for polycrystak, randomly oriented samples and an
unpolarized source. The Lorentz factor accountsliifraction occurring at angles neighboring
the Bragg condition, resulting in an angular depecé to the integrated intensity. [r9-&0
geometry this contribution follows & sin(®)™. The derivation for this term sources back to
diffraction conditions within the crystal. As im@nt planar waves move through the crystal,
their scattering and reconstruction leads to a gham transmitted amplitude, as well as a phase
shift of gy per plane. As the wave passes through p planissletds to a phase-lag ofppayer
the traveled distance distance x = pd®&in\here d is the interplanar spacing. This rasulta
total phase shift of @A) x + pg. Alternatively this shift can be written asm(Z2)(1 - d)(x),

which makes (1 8) the refractive index and

5= — (L) sin(6) o (20)

2T d

For an angl®; near the Bragg ang, Bragg's law can be rewritten as

2dsin(6,) + (%) 2qo = mi (21)

. d
2dsin(6,) = mA + (Sij( 91)) 5 (22)
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And as 2dsirt(;) is very close to

2dsin(6,) = mA (1 +-2 ) (23)

sin26,

This expansion to the classical Bragg equationaallfor some constructive scattering at
small deviations from the Bragg condition. As weuld like a relation between the span of this

alteration A6y = 01 - 6o, as a function o, we solve fo; and make a substitution into Eq. 22

2dsin(A8, + 6,) = mA + (j(‘; )) B (24)
1
2dsin(AB,)cos(6,) + 2dcos(Aby)sin(0,) = mA + (Sij(‘z )) 1) (25)
1
2dA6ycos(8,) + 2dsin(6,) = mA + (Sij(‘z )) 6 (26)
1

Having made good use of trigopnometry and the samajle approximation, the two inner terms

of Eq. 26 satisfy Bragg’'s law and can be removédwang a solution forAfg

)

AHO - cos(6y)sin(61) (27)
28
b = sin(26) (28)

As peak shape remains Guassian in nataré o, and the Lorentz correction has been arrived at

- (29)

o
sin(20)

The geometry factor adds two terms related to pgsgalline diffraction geometries.
The first concerns the number of crystallites ipaycrystalline sample that are oriented to
satisfy Bragg's law. A collection of randomly amted crystals will have their normal vectors
spread evenly about a sphere surrounding the sanifd@ever only those that meet the Bragg
condition will diffract, which translates to thogeth a normal vector oriented at angle 90.—
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These diffracting crystals have normal vectors fban a ring on the sphere, of circumference
2n(r-sin(900)). With an infinitely small change in angle9, this ring has width r-sing) = rA6
via the small angle approximation. The fractioasda on the sphere’s surface that the ring

represents is the angular density of randomly teekorystals able to diffract for a given

__ rAf 27mrsin(90—-6) _ Afcos(6)
pplanes - 4772 - 2

(30)

The crystals that do diffract lead to a diffractioone originating from the sample, which
intersects a surrounding sphere along a circle aitbircumference of 2-sin(®). As the

detector is of fixed width it will only pick up aliee of this cone, leading to an intensity
| < 1/sin(d). These two combined terms are referred to agdloenetry factor (Eq. 31) and are
important for non-textured polycrystalline flmsust be modified for textured samples, and can

be ignored for single crystals and epitaxy.

- cos(0)
poly sin(20)

G (31)

The absorption factor (A) accounts for Beer-Lamladagorption of X-rays as they travel
through the sample (Fig. 10). It depends on thegBrangled, tilt y of the sample about the

beam axis, the linear attenuation coefficigmf the sample, and sample thickness t.

I Lexp(-2uf) z=/lsin®

lt

Thin Film

Substrate

Fig. 10 - lllustration of the pathway in a thin film thésorption correction is integrated over in

Egs. 32-34, using the Beer-Lambert law of formlp xp(-jLx).
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For thin films the absorption factor follows

A o [ [ exp(—2p) de (32)
t
Ax 1 —exp(—2utmax) ; tmax = sin(8)cos(x) <9
—2ut
Ax1 —exp(ooti) .

With thick samples, A can be seen to approach wmtyis often ignored. The mass density of

Fe;s P51 5is calculated to be

4 atoms (Atpe55.85-L+Atpy106.4-L)
ol = 1.017x10 % at 615% Pd (35)

Pmass = toms
mo.

60222105322 (3 83 &)’

This can be used to convert from mass attenuatefficients [23] to linear attenuation

u m? m? m?
P = Atp, 0.03056? + Atp, 0.02017? = 0.02417? at 61.5% Pd (36)

- 1
i = 244583~ (37)

The Debye-Waller temperature factor (T) involvesaagle dependent dampening effect

due to thermally driven vibrational displacemerftatoms from lattice sites, and is given by

T = exp (—B (&;9))2) (38)

where B is the isotropic temperature factor for sheple (or 8°u’ where @ is the mean square
displacement from the atom’s average position).rodim temperature the Debye-Waller factor
rarely contributes more than a couple percentagetpof change but remains important for
guantitative analysis. At 300 K migration energage similar between FePd & FegRahd the
isotropic temperature factor can be taken as B14DA for Feg sPds1 5[24].
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When employing a tilt along, part of the sample is moved out of the idealrddfion
condition for the detector, leading to a defocustwrection (D). This factor must be
determined empirically for a given diffractometezognetry, which can be done with a bulk
polycrystalline sample by tracking the intensityaoge of a reflection while tilting i [25]. The
Fejs Pk 5 target was found to have mild crystallographictuex left over from processing,
making assignment of a correction factor only tewéa The {112} and {121}y —tilted peaks
relevant to this paper have a Bragg angle of apprately 29.5°, consequently a high purity W
sintered target (which did not exhibit texture) @2Qpeak of 29.16° was used to confirm the
defocusing factor for the diffractometer at D({11{421}) = 2.86 [26].

The methodology for X-ray analysis outlined in teection is able to predict the relative
intensities of published Fe-Pd bulk standards ler disordered, Lgland L% phases for major
peaks generally within 2-3 % despite a number ofalée factors such as texture, degree of
crystallinity, ordering and grain size effects knmowo cause variations in the bulk references
[27]. In the case of epitaxial thin films the pict/e power of such quantitative methods will be
more accurate, with the elimination of indeterméndexture and more control over the

diffraction geometry.

63|Ch.2



References

[1] J. GoldsteinD. Newbury, D. Joy, C. Lyman, P. Echlin, E. LIfshin Sawyerand J. Michael,
Scanning Electron Microscopy and X-ray Microanadydihird Edition(Springer, 2003)

[2] D. Joy,Monte Carlo Modeling for Electron Microscopy anddwianalysis(Oxford
University Press, 1995)

[3] D. Joy,MC_Demo - Monte Carlo Modeling for WIN98Software

[4] ASTM Standard E1508 - 1Ztandard Guide for Quantitative Analysis by Eneggpersive
SpectroscopyASTM International, West Conshohocken, PA, 2003)

[5] V. Bellito (editor) Atomic Force Microscopy - Imaging, Measuring andriipalating
Surfaces at the Atomic ScdlaTech, 2012)

[6] U. Hartmann, Annu. Rev. Mater. S0, 53 (1999)

[7]1 S. FonerRev. Sci. Instrum27, 548 (1956)

[8] B. Cullity, Introduction to Magnetic MaterialéAddison-Wesley, Reading, MA, 1972)

[9] C. Powell and M. Seah, J. Vac. Sci. Techno8, X35 (1990)

[10] S. Hofmann and A. Zalar, Surf. Interface Arid), 7 (1987)

[11] A. Zalar, Thin Solid Film4.24, 223 (1985)

[12] A. Zalar, Surf. Interface Ana@, 41 (1986)

[13] V. Smentkowski, Prog. Surf. Sé4, 1 (2000)

[14] B. Fultz and J. Howéransmission Electron Microscopy and Diffraction\ddterials, 3
ed. (Springer, Berlin, 2008)

[15] B. Cullity, Elements of X-ray DiffactiofAddison-Wesley, Reading, MA, 1956)

[16] M. Birkholz, Thin Film Analysis by X-Ray Scatterifgphn Wiley & Sons, Weinheim,
2006)

[17] B. Warren X-Ray Diffraction(Addison-Wesley, Reading, MA, 1969)

[18] R. JamesThe Optical Principles Of The Diffraction Of X Raysl Il (G. Bell and Sons,
London, 1962)

[19] J. Als-Nielsen and D. McMorrovElements of Modern X-ray Physid?| 2d.(John Wiley &
Sons, Singapore, 2011)

[20] D. Cromer and J. Mann, Acta Crystallog24, 321 (1968)

[21] W. Parrish and J. I. Langforthternational Tables for Crystallography. Vol. C &jter 2.3
(Springer Online, 2006)

[22] Y. Suortti and T. Paakkari, J. Appl. Cry$1121 (1968)

[23] J. Hubbell and S. Seltzérables of X-Ray Mass Attenuation Coefficients aagsvEnergy-
Absorption CoefficienteNIST, Gaithersburg, MD, 2004)

[24] T. Mehaddeneat al, Catal. Today89, 313 (2004)
[25] Y. Liu et al, Textures and Microstructures. 35, 283 (2003)
[26] W. Davey. Phys. Rew6, 736 (1925)

[27] PDF 03-065-3253, PDF 04-002-1994, PDF 04-B087, PDF 03-065-9971, and PDF 04-
004-8630 (ICDD, 2011)

64 |Ch.2



3 — Deposition Temperature Series

3.1 - Introduction

Study began with the PLD of &@Pdi5 thin films onto MgO (001) substrates
constituting a deposition temperature series. $arges was intended to establish the feasibility
and temperature range required for growing smamhtinuous and possibly epitaxial films by
PLD on MgO (001) at the kgsPds15 composition. At high temperatures these films woul
be expected to order, though which ordered phasésracrostructures would appear was an
open question. The approximate temperature rarigtheo ordering transition under non-
equilibrium conditions could be established for amylered phases that did appear, as the
transition is expected to be lower for nanoscdhradigrown by PLD than in bulk equilibrium.
The study presents clear answers concerning thphuolmgical behavior of RedPds; 5 films on
MgO (001) and shows that at high temperatures fibnme to preference an i Jphase,
tetragonally distorted by strain, rather than a-plase L3-L1, microstructure. In this chapter
the results of the initial temperature series arayzed and several important observations are
made, two of which have been expanded into thaegubnstituting the remainder of this thesis.

Based on the publication history for epitaxial Feé-growth on MgO substrates, in
addition to knowledge of physical vapor deposititnn film growth regimes [1-3], four
deposition temperatures were chosen for the temperaeries: 500°C, 550°C, 600°C, and
650°C. These temperatures are illustrated ondhnéilerium phase diagram in Fig. 1 and color
coded throughout the figures in this chapter fanvemience. The deposition temperatures are
100 to 250 K lower than the expected bulk equilibriordering transition, ranging from 0.75 to

0.90 To. They are also well above the magnetic transfoonaemperature, so the magnetic
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properties of the film will be negligible duringalgrowth process. The films in this study were
grown at identical deposition conditions on Crys@&uobH substrates over a 48 hour period to

reduce any sources of experimental variance.

Weight Percent Palladium

1000{
(yFe,Pd)

790+20°C

820+20°C

-]
>
T

Temperature °C
=)
[—
T

(FePd3)
400 3
:"\: Magnetic
i [-\ Transformation Y
: : : " .‘/ ..... \'. ‘l ‘\
200 e e e e e
40 50 60 70 80 90
Fe Atomic Percent Palladium Pd

Fig. 1 - Partial phase diagram of the Fe-Pd material systemarked with the parameters of the
films deposited in this study. Of special notethie eutectoid decomposition located at
Fess P15 from the disordered FCé& phase to the Lgl(FePd) and L1 (FePad) ordered phases.

The uniformly dashed lines in the diagram represerdertain boundaries in the experimental

phase diagram; the broken lines represent the drgdemagnetic transformation.

3.2 - Film Growth and Morphology

3.2.1 — Film Thickness and Growth Rate

Thickness and deposition rate can play a critickd m many of a film’s final properties.
One method for determining film thickness is cresstional SEM. This method is destructive

in nature, requiring cleavage of the substrate, wad performed after other characterization
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methods were exhausted. As the MgO substratessuéating, the low voltage and current
conditions needed to avoid charge buildup are asodith optimal resolution and signal
production, respectively. From Fig. 2 it can bensé®at the FgdPd15 films deposited are

approximately 50 nm thick.

SEI 20kY  X140,000 WD 48mm  100nm

Fig. 2 - Cross-sectional SEM micrograph of a cleavegsHeds; s film grown at 600°C.

X-ray reflectivity is an accurate and non-destnetitechnique for determining the
thickness of thin films, but requires films withrydow surface roughness. For the films in this
study only those grown at 600°C were amenable t® Xkeasurements. The XRR method fits
observed reflection data to simulated data utigjzitm roughness, density and thickness. For
the 600°C films, modeling suggests a density of@adimately 10 g/cri(calculated to be 10.017
g/cnt in Chapter 2) and a thickness on the order of @5(Rig. 3). The final fit is a good
gualitative match but has a relatively low correlatR = 0.08, which likely arises from film
roughness. The model suggests a roughness of ~ivmich holds true over regions of the film,
but the actual surface will be seen to have addititopographical features of a larger scale. As
both Fe and Pd have similar and approximately gdxé vapor pressures in the temperature
range being studied (< ®atm) [4], the sticking coefficient for incoming neaial flux to
the substrate will be constant across all four déjom temperatures. Consequently, all films in

the study should have the same amount of depositgérial, equal in mass to a 45-50 nm
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smooth film as observed at 600°C. This mass treeshkon 260 atomic monolayers of an FCC

based Fe-Pd crystal structure, deposited 0.4 mpadger second (7200 pulses, 10 Hz).

REFLECTIVITY PROFILE
T T T

= X-Ray ( CuKal, 1.5405 ang.)

Divergence { 0.01000 deg.)

Division (1)

2theta : 0.00000 deg. [--]

Intensity : 5.50810E-001[--]

Background : 1.00000E-006[--]

Fitting Area : 0.0000 - 6.0000 deg.

Sampling : 1 point (s)

Diff. Width : 0.01000

Tolerance 0.01000

R 0.08611

Chi*z 13.25614

No. Layer Name Density Thickness Roughness

(g/cm3) (nm) (nm)
1 FePd 10.00000[--] 44,928 0.919[--]
0 MgO 3.58000([--] 0.000[--1 0.290[-~-1]
10 0.0000 1 DIDDO 2,0‘000 4. D‘ODD 5. D‘DDD 6.0000

3.0000
2theta angle (deg.)

Fig. 3 - XRR data from an RgsPds; 5 film grown at 600°C, with a qualitatively accurateodel

yielding a more definitive film thickness in thenga45 to 50 nm range as cross-sectional SEM.

3.2.2 — Surface Morphology and Growth Modes

Scanning electron microscopy shows a clear depeedehthe films’ morphology on
deposition temperature. This is best explaineceuige Structure Zone Model (SZM) [1] for
film growth, which relates microstructural depenckenn the films to the onset of different
growth kinetic regimes expressed in units ;l,/Where T, is the melting temperature of the alloy
(Fig. 4). In zone | (T/F < 0.3) low mobility of incoming atoms leads tani with poor density
and a large number of dislocations and voids. Aaghing zone 1l (0.3 < T/ < 0.5), surface
and grain boundary diffusion enable the formatibeaumnar grains resulting the beginning of

epitaxy and smooth films, with dislocations locapennarily at the grain boundaries. In zone lli
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(0.5 > T/Ty) temperatures are high enough for the onset d&f thtflusion and coalescence of the
film results in larger grain sizes. Forsggds; swith T, = 1573 K, the region for zone 1l growth

is expected to be between the temperatures of@605°C.

Zone 1 Zone T Zone 11 Zone 111
Grain Onset of Extensive
Renucleation Granular Epitaxy Grain Growth

)
f“""#~¢ v
BIAYHI NN

A"“ I.‘,f,
VORI )
S0 SRR R y. X
w»ft DRSO PREO IRIXT ‘
S R AR ‘\h\ an
WA PR A A TINANV A

Fig. 4 - lllustration of the SZM, starting at low tempenas limited diffusion leads to low
density films with high void densities. The omdeturface diffusion with increasing temperature
leads to columnar grain growth, and above JA 0.5 bulk diffusion results in coalescence and

larger grain sizes [1].

Films grown at 500°C have a nanoscale granulactstre following zone 1l columnar
grain growth and forming a continuous coveragehef MgO substrate (Fig. 5). Characteristic
domed caps of the columnar grains can be seen ersutface and place their diameter at
approximately 50 nm. Depositions at 550°C, in tiggbave begun to transition away from zone
Il growth and should result in a larger grain stowe; however, many unexpected regular
geometric surface features with a 10 to 20 nm tgpphbove the matrix are observed. This will
be shown to be the result of a unique two-phaserdposition at this temperature. Films grown
at 600°C are nearly continuous and show clear soafee (zone IIl growth). Films grown at
650°C consist of nucleated islands that have nalesoced, suggesting that surface diffusion is

able to act faster than the arrival of new matéadhe substrate.
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Fig. 5 - SEM micrographs of ResPd; 5 films grown at four different temperatures showing
respectively: 500°C continuous film composed of fine columnar graBBs)°C continuous film
with distinctive rectangular features rising frommetsurface, resulting from a two-phase nature,

600°Ccontinuous film in the final stages of coalesc®®Q°Cfilm in island growth mode.

The overall dependence of structure and morphologydeposition temperature is
characteristic of thermally-activated surface diftun during Volmer-Weber film growth, and is
consistent with the literature for equiatomic Fefldys grown on MgO (001) substrates [2, 3].
The distinctive morphology found in the films groan550°C is unique to the films in this study
at the FegdPds15 composition. All films were analyzed by standaedi EDXS and have no
observable deviations from the target stoichiometryackscattered electron microscopy
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suggests films grown at 500°C, 600°C, and 650°C simgle-phase in nature and have no

observable concentration gradients, in contrastedilms grown at 550°C (Fig. 6).

'Secundar) Electron 5k X20,000 ac : 5k X20,000

Fig. 6 — Secondary and backscattered electron microgrammrasting films grown at 550°C
and 600°C. The films at 550°C have a clear twosgheomposition, while all contrast at 600°C
can be explained by variations in thickness.

3.3 — Magnetic Properties

Hysteresis loops performed by VSM with an applieddf perpendicular to the surface
(Fig. 7) show that films grown at all four of thepmbsition temperatures are ferromagnetic, as
evidenced by their non-zero saturation remanende [Fhe FgssPk15 films grown at
temperatures of 500°C, 600°C and 650°C exhibit lammmnagnetic properties to each other;
possessing saturation magnetizations on the orfléd00 to 700 emu/cth The magnetic
moments of these films were calculated to be 1,066.952u5, and 0.98Qz per atomic site,
respectively. These values are closer in magnitadbe 1.2ug per atomic site expected in the
bulk material for both the disordered FCC and addrl, phases at this composition, than the
1.6 ug per site expected for the magnetically har@ phase at RgsPc15[6, 7]. A loss of
saturation magnetization on the order of 20 % fthenbulk (FCC / L3) value is consistent with
other nanoscale systems of similar length scakeslisorder at the films’ interfaces can reduce
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the mean magnetic moment per atom [8]. The caées of the 500°C, 600°C and 650°C
films, between 333 and 405 Oersted, place them owgBide the expected range of values for
L1y ordering. L3 ordered FgPdg 10 nm particles grown on MgO substrates, near the
Fess 2015 composition and considerably smaller than thedjlstill exhibit coercivities above

3000 Oersted [9]. Consequently, the existencengtheng but very weakly ordered bis

inconsistent with the magnetic properties of thegi while the FCC and Llphases could be

expected to result in hysteresis loops similahtodbserved behavior.
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Fig. 7 - VSM hysteresis loops taken perpendicular to fimesvn at the four different deposition
temperatures, all showing some degree of ferromgbehavior. Deviations to the hysteresis
loops of the 500°C and 600°C films from the sinfpteomagnetic behavior seen at 650°C are
attributed to domain wall pinning on inhomogenetieshile those of the 550°C film result from

what will be shown to be a two-phase microstructure
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Curvature deviations in the hysteresis loops ohlibé 500°C and 600°C films, compared to the
simpler ferromagnetic behavior exhibited by the €5Gilm, are attributed to domain wall
pinning on inhomogeneities such as grain boundamesother defects. The hysteresis curve of
the 550°C film has both a lower coercivity and saion magnetization, and the width of the
hysteresis loop collapses for magnetizations ad@emu/cii This suggests that the 550°C
films have a more complicated magnetic nature thase found in the films deposited at other

temperatures. These films will be addressed segpiaiter further characterization (Chapter 5).

3.4 - Crystallographic Properties

3.4.1 - Orientation and Epitaxy

Rotational XRD ¢-scans, where the film is placed into a suitaly20 condition for
diffraction from a given family of planes and radtabout the-axis, show films at deposition
temperatures between 500°C and 650°C are grownauttle-on-cube epitaxy to the MgO (001)
substrates. If the film is randomly oriented @odependence would be expected, and with
increasing texture the films should start to exthilear peaks. For cube-on-cube epitaxy, peaks
of the same crystallographic family for the MgO stnate and Fe-Pd film will align, as seen in
Fig. 8. The {111} family of peaks, being a fundarted reflection for both the cubic and
tetragonal Fe-Pd structures, is an optimal chacehfese scans. The variation in height for both
the MgO and Fe-Pd peaks observed in Fig. 8 is tiacirof the alignment, step size and fast
scan speeds, disappearing with closer attentieadb peak.

A detailed look at a pair of {111} peaks, as sé®rrig. 9, can be used to more finely
assess the degree of epitaxy in the films. Fob0®C films, the {111} Fe-Pd peaks are broad
in comparison to the substrate, with a full widlfhmaximum (FWHM) of 0.97°. This is

consistent with the presence of low-angle tilt bdanes in the epitaxial film, necessary for the
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columnar structure. Films grown at higher tempeesstu possessing larger-grained

microstructures, consistently have FWHMSs on theepod half those of the 500°C films.

MgO {111}

Fe-Pd {111}

| L l

0 50 100 150 200 250 300 350
Degrees ¢

Intensity (Arb. Units)

Fig. 8 - XRDg-scans about the Fe-Pd {111} and MgO {111} peakanoFeg P 5 film grown

at 500°C confirm cube-on-cube epitaxy of the film.
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Fig. 9 - High resolution XRDgp-scan about the Fe-Pd (111) and MgO (111) peaksuof
Fess Pds1 5 film grown at 500°C, highlighting broadening o&thilm peak.
3.4.2 - Phase Assignment

Cube-on-cube epitaxy of the films results in coriaral 6-20 XRD spectra) = 0) that
exhibit film peaks only for crystallographic planesrmal to the substrate surface (Fig. 10). All
of the Fags P15 films in this study have a (001) diffraction peatesent, which is an extinct
reflection for the disordered FCC phase and corsfitinat the films are at least partially ordered.
The degree of ordering, related to the size ofdttueered (001) superlattice peak, can be seen to

increase as the peak quadruples in integratedsityenith escalating deposition temperatures.
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Fig. 10 -0-26 X-Ray Diffraction patterns of the kP ds; sfilm temperature series showing only
epitaxial film peaks. Increased ordering, as evickeh by the intensification of the (001) film
peaks, is observed with elevating temperatureghéti temperatures are also accompanied by a

shift of film peaks to lower angular values, sigmf larger c-axis lattice constants.

Film 20001 20002 loo/looz  Cooz Coo2  Apoisson Strainy  Strain |

500°C #1 | 23.500 47.740  0.033 3.782A 3807A 3852A 0.396% -1.100 %
500°C #2 | 23579 48.880 0.051 3.771A 3796 A 3856 A 0.499% -1.387 %
550°C #1 | 23.400 47.740  0.081 3.799A 3807A 3849A 0.316% -0.878%
550°C #2 | 23.420 47.826 0.092 3.795A 3801A 3851A 0.363% -1.009 %
600°C #1 | 23.360  47.716 0.096 3.805A 3809A 3847A 0279% -0.774%
600°C #2 | 23.399 47.760 0.098 3.799A 3806 A 3.849A 0321% -0.891%
650°C #1 | 23.300 47.5860 0.114 3.815A 3819A 3844 A 0.185% -0.513%
650°C #2 | 23.250 47.499 0.128 3.823A 3826A 3841A 0.114% -0.318%

Table 1 -The peak locations, out-of-plane lattice param&tand calculated strains of the films
studied. A relaxation of strain towards the expdctubic bulk parameter of 3.836 A can be
seen with elevating temperatures. The ratio of(0@1) and (002) integrated peak intensities

rises with increasing temperature, and allows fog tletermination of the ordering parameter.
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The c-axis lattice parameter of the films expandih wicreasing deposition temperatures, as
evidenced by a shift of the diffraction peaks taéo angular values, representing a relaxation of
the tetragonal distortion caused by epitaxial strafhe two Fe-Pd film peaks present acuminate
with increasing temperature, with the increasedsiess representing a rise in lattice periodicity
as defects are annealed out of the depositing film.

The presence of all four {101} Fe-Pd peaks in XBBcans of the deposited films yields
great insight into the phases that may be predeeflections of type {101} are extinguished for
the disordered FCC phase due to destructive im&rée. The tetragonal & phase possesses
{110} superlattice reflections but not {101}, makjrthem orientation specific. The Lphase
has allowed {101} reflections regardless of itseotation as it is a cubic system. The four {101}
peaks found inp scans can therefore only be formed by the @ddered phase, or by two
simultaneous variants of the tetragonal lekisting with c-axes along perpendicular in-plane
directions (in addition to a variant normal to ftie accounting for the (001) peak).

Although non-trivial, the presence of theglighase is eliminated by a combination of
XRD analysis of high-order diffraction peaks, whidkarly show the films have a singular set of
lattice parameters with no sign of tetragonal pgalkting, and magnetic hysteresis loops with
coercivities no larger than 300-400 Oersted, muwaller than expected for bbrdering in thin
films. It is also telling that the lattice paramet of the system move with increasing
temperature toward those expected fog Bi this composition, and would put the films into
compression for Ldwhen they should be in tension. This leads toctireclusion that the films
grown at 500°C, 600°C, and 650°C are all of a pritp&.1, nature and the Llordered phase is
either absent or represents a very small volumdiéa The films grown at 550°C possess a

more complicated microstructure and are discusséehgth in Chapter 5. These findings are
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unexpected, as the c-axis oriented, phase has a more accommodating lattice paranater f
epitaxial growth on the MgO (001) substrate. Iftapial growth were to deter the formation of a

phase, educated guesswork leads to the exclusioh, @ind not L3.
3.5 — Strain Behavior

3.5.1 - Heteroepitaxial Strain Dynamics

The absence of the bphase from the system at its eutectoid composgigjgests that
the phase diagram originally presented is subjectsame level of skepticism, although
conditions in thin films can diverge dramaticallprh the bulk equilibrium state due to strain.
MgO has a cubic rock salt structure with a latpeeameter of 4.212 A [10]. The bulk lattice
constants for the FCC and 4L phases at the specific 56”015 composition used here are
approximately 3.83 A, while lglat this composition has a = 3.88 A and ¢ = 3.73 A
({2a+c}/3 = 3.83 A) [11]. XRD analysis, combinedtivthe alloy’s Poisson ratio of 0.36 [12],
yields an equilibrium (i.e. relaxed) lattice paraemeof 3.836 A for the films deposited. This
closely matches the values predicted for FCC ordrid shows that it is reasonable to treat the
system as a strained film starting from the bulkigrium. The Feg 2 salloy, therefore, has
a lattice mismatch approaching 9% as it tries tofa@on epitaxially to the MgO substrate.
However, it is unlikely that the film remains cobéet to the substrate for more than a few
monolayers and the actual instantaneous strairsytbeem faces will be much smaller, due to
partial relaxation from misfit dislocations alorgetinterface (Fig. 11).

For the Fe-Pd system, ordinary dislocations wilVéha Burgers vector of a/2<110>
(disordered) or a<110> (orderedgldr L1,) types and glide along the {111} set of planeg [1i3
is worth noting a/2<110> dislocations are still gibte in the ordered phases but leave behind an

anti-phase boundary [13]. At the (001) substrag&imal interfacial relaxation will occur when
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Coherently Strained Misfit Dislocation

Mismatch a # ao (Tensile) (Tensile)

Fig. 11 —lllustration of the role of misfit dislocations #ite interface relieving strain in the film.

the dislocations are of full edge character, wihrgers vectors of either a[110] or afy.

As neither of these edge dislocations can havetheih Burgers vector (b) and line direction (L)
in the same {111} glide plané ( L = 0 for edge), their movement is dominated by slownbli
processes. Consequently, dislocations of a mixeeldedge character, e.g. a[101], known as
60° dislocations and well known to be glissile ubit heteroepitaxial thin films, are expected to

play a large role in relieving stress at the irgeef (Fig. 12) [14-16].

{111} Planes

B = a[101]

L=[110]

B = a[110]

Fig. 12 —lllustration of the line direction, burgers vectprand {111} slip planes available for

misfit dislocations. b = a[101] “6€’ dislocations are able to glide in the system.
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Once formed at the free surface, these 60° distotaform a dislocation half loop which
is able to glide to the interface and relieve st(&ig. 13). It can be shown that the misfit pamti
of the loop, with L = {10] and b« [101], once formed is indeed pulled to the surfacehsy t
tensile stress in the film, and that the remairithgeading” portions L =112] and L = [112]
are pulled by a resolved force through the crystaiending the misfit. The force per unit length
of a dislocation follows the equation

F
length

=[b-o] x[L] (1)
In this cases is the tensile stress in the film

g 0 O
a=[0 0o O] (2)

0 0 O

For the misfit portion of the dislocation loop thesds in a resolved force in toward the interface

N T 1
7:[0 " o”o]H @
o o oll-1l lo

And for the two threading portions force resolviesmg opposite in-plane directions

. [0 0 Op[1 1
7=[o oo o”o Xt[ 1]« op(x2+29) (4)
0 0 oll-1 -2

Threading Dislocation
N

/. ¢
\ _ {111}
e Glide Plane
Misfit Dislocation Lo
,{
v Strained Film
f" Substrate

Fig. 13 —lllustration of a threading 60misfit dislocation propagating along the interface
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Strain can arise both from lattice and thermal raistm between the film and substrate.
All the Fe-Pd films are found to be in tension g@dhe in-plane directions and experience a
Poisson compression perpendicular to the film (@d)l The decrease of film strain with rising
deposition temperature is consistent with the tlaismactivated formation and glide of misfit

dislocations.

3.5.2 — Thermal Mismatch

Strain from thermal mismatch arises from differengethermal expansion between the
film and substrate. Both strain components offilnes decrease in magnitude with increasing
deposition temperature, inconsistent with significdhermal mismatch strain. Thermal
expansion is often quoted in terms of an averagsli thermal expansion coefficientand for
MgO this is 1.34 x 18 K™ above 0°C [10]. Thermal expansion however isatotys constant
and can be better formulated when it is of imparganPlotting the linear expansion coefficients
of MgO, determined by three different experimemathods, it can be seen thatises steadily

over the range of temperatures used for depog(fimn 14) [17-19].

16 Linear Expansion of MgO

2 15 N .
= e Dilatometric
3 =
g 13 y/
g 12 L~ ' - Rectangular
= I parallelepiped
L 1 1 / resonance
= g
g 10 /]
E / Interferometry
- 9

8

0 100 200 300 400 500 600 700
Temperature (°C)

Fig. 14 —Linear expansion coefficients for MgO measured t¢he study’s temperature range
from three different measurement techniques [17-19]
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This data can in turn be used to find a more atewHective average linear expansion
coefficient for the deposition temperatures of #hedy (Fig. 15). For the 500°C films this is
slightly lower at 1.29 x I®K™ than the original constant, while for films at 880t approaches
the original constant at 1.33 x 1K™ Fegsd: 5 has coefficient of 1.35 x T0K™ at 20°C
[20], and the data suggests that it remains apprately constant below 650°C, with the
possibility of a small increase at elevated tempees (e.g. to 1.40 x TOK™ by 700°C)
[11, 20, 21]. As a consequence, the largest ¢ggatifference in the average linear expansion
is on the order of 0.10 x TOK™, resulting thermal stains below 0.065%, and itsgible the
contribution to tensile strain from thermal expamnscould be as low as 0.001% for some films
deposited between 500°C and 650°C. The scale erfimél strain is therefore negligible

compared to the strains observed in Table 1.

Average MgO Expansion Coefficients
14

13

11
10

9

Average Linear Expansion o 10%/K

8
L)Q \QQ \:‘\Q ,LQQ 'f’Q ")QQ ,bc)Q D«QQ be SQQ ‘;)Q bQQ bc.JQ ,\QQ

Deposition Temperature (°C)

Fig. 15 — Average linear expansion coefficients for the Mg@bstrates, taken from room

temperature to a given deposition temperature. (&k@(Dep.T) = Al/lg;.
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3.5.3 — Epitaxial Strain Energetics

Having ruled out a significant contribution fronmetmal mismatch, the primary

contribution to strain is expected to source frgiiaxial conformance to the substrate. In order

to discuss elasticity in thin films, the anisotropersion of Hooke’s law must be invoked:

[Uij] = [Cijkl][fkl] (5)
Oxx [011 C12 €13 Cia Cis C16‘| [ Exx ]
Uyy] Ca1 Caz €23 Caa Cas Coe|| Evv
Oz | _|C31 €32 C33 C34 C35 C36|| 2z
Oyz| = [Ca1 Caz Caz Caa Cas  Cag||28yz (6)
lozx| [es1 cs2 53 €4 Css Cse 28,5
[nyJ Co1 Ce2 Ce3 Coa Ces Copd [2&y ]

In this Voigt notatiorsy, represents a stress along the x-direction of stalywhilec,; is a shear
force in the x-z plane, similarly for straimg andes,. The top left quadrant of the stiffness
tensor ¢ accounts for extension-extension coupling, thednotright quadrant accounts for
shear-shear coupling, and the remaining quadraetgxension-shear coupling between stress

and strain.
For a cubic crystal, such as FCC orLdymmetry reduces the stiffness tensor to

rn C12 C12

C12
Ci2 Ci2 Cq1q

[Cij]cubic = I Caq I (7)
[ 0 Cas J
C44
While tetragonal crystals of type P4/mmm, such &g teduce to the form
[C11 Ci2 (23 1
Ci2 €11 C23 0
_|€23 €23 C33
[Cij]tetra - Caq (8)
0 Cas
3
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As cubic systems can be treated as a special tHse @tragonal, derivations need to be made

only once. For a tetragonal film in biaxial tensfoom cube-on-cube epitaxy

O €11 C12 €23 [ Exx 7
[00] [Clz €11 C23 0 ] Eyy
[0 [c23 €23 €33 | | €2z
0|7 » 2o, ©)
[OJ [ 0 Cas J 2&,,
0 Co6- |26y ]

Using linear algebra, the bottom three lines of Egpduce toey, = €,x= &xy = 0, leaving

o €11 C12 €237 [Exx

[Uo] =|[C12 C11 C23| |Eyy (10)
0 C23 C23 C33] L&z

00 = C11&xx T C12€yy + €234, (11)

00 = C12&xx T C11€yy T €235, (12)

0 = Co38xx + C238yy + 3384, (13)

By the symmetry of Egs. 11 and 12, it is clear that €.y, and it follows that

€22 = —2 (cﬁ) Exx (14)

C33
0o = (€11 + C12)Exx + C23€5; (15)

This allows for the calculation of the biaxial mdasiM, a term which relates the in-plane film

strain with an associated stress

2
Oy = (011 +C2 — 2C2_3) Exx = Méxy (16)
C33
_ _ 3
M = (C11 +cip—2 C33) a7
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The biaxial modulus can be used to find the edastiergy density for a biaxially strained
film, which will follow We = Me%  The in-plane strain contribution, will in turn be heavily
dependent on the availability of misfit dislocasato relieve strain at the interface. As the L1
and LY phases share a common Burgers vector, b = a<ildd>elative ease of creating misfit
dislocations will correspond to the dislocation reggyeE o« GI¥ where G can be taken as the Voigt
average of the shear modulus. The Voigt averageogmates the moduli by averaging across

all possible tensor rotations. For a tetragonsiesy this is given by the equations [22] :

__ A-B+3C

Gvoigt - 5 (18)

2C11+C33 2C23+C12 2C4—4+C66
A= p o Zetn oo 2t

The Poisson ratio can also be approximated inrtf@ener, and yields results of approximately

v = 0.35, slightly shy of the experimentally detened value of = 0.36 [12].

_ A+4B-2C
Yvoigt = 3 eprac

(19)
Ideally, the components of the alloy’s stiffnesas@® would be known for all three
phases at the non-stoichiometric composition. Giurited study of the eutectoid region of the
Fe-Pd phase diagram, these values can only bepated from the available data. Table 2
compiles all available experimental measurementshef stiffness constants for the relevant
phases of the Fe-Pd system. The disordered FCGephas been characterized at both
equiatomic FePdso and Pd-rich FgPdyy compositional extrema [23, 24], and experiences a
slight stiffening in transverse components of teesbr with increasing Pd content. They L1
phase at the equiatomic FeBdmposition has been analyzed across a seriesoockgsing

conditions [23, 25, 26] and varies considerablyrfrine FCC values. The Fefdl, phase has

only one experimental value which was taken atidiqutrogen temperature (80 K) and therefore
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cannot be compared directly with the other measenesn which were made at ambient
temperature conditions [26]. Additionally, valuat elevated temperature are available for

equiatomic L3 and disordered EgPdso [26].

Type Temp. Cu Cis Coq (o Cus Cse M (GPa) G (GPa) Ref.

Y - FaoPdy RT 229 165 86 156 64 24
Y - FePds RT 215 161 83 135 61 23
L1,-FePd RT 226 154 154 238 92 96 181 71 23
L1,-FePd RT 218 148 151 227 92 94 165 70 23
L1,-FePd RT 214 143 143 227 92 93 177 70 25
L1,-FePd RT 213 142 146 225 92 99 166 71 25
L1,-FePd RT 248 159 159 239 95 86 195 72 26
L1,-FePd 80 K 206 122 90 183 71 26
L1,-FePd | 860K | 202 122 122 200 76 48 175 56 26
vy - FePdy | 1020K | 178 125 64 127 49 26

Table 2 —Experimental values of the stiffness tensor, bileatnd shear moduli for FCC, Lland

L1, phases at different temperatures and compositions.

For the Fegs sPds1.5 composition, the known stiffness values for theCHGhase are close
enough that they can be linearly interpolated withany substantial loss of accuracy. As the
L1, phase maintains the cubic nature of the disord€i€Q, it is expected that its elastic
properties will be similar. Study of the FGE L1, ordered transition on the elasticity of AuCu
a closely related material system, demonstratdagliigis a reasonable assumption. Theoretical
work suggests that ordering results in a correld8&dmaximum rise in G and G, for AuCus
[27], and experimental data shows no change irelisgtic constants within the margin of error
[28]. Similar theoretical work on Fepgredicts a model-dependent 2.4 to 8.4% rise in the
bulk modulus, B, going from disordered to fully erdd L% [29]. The Voigt average of the bulk

modulus for cubic system [30] is given by

+2
Beupic = mrthz (20)

3

85|Ch.3



If, with ordering, the @ and G, components follow a comparable correlated increase
expected for AuCy the behavior of L1at Fgsdds; 5 can also be approximated as about 4 %
stiffer than the disordered phase (maximum ordepiogsible at non-stoichiometric Js&P 1 5
being Sax = 0.82). For the Ll phase at g5 values of the stiffness constants can be
found by first-order interpolation; observing thergentage differences between FCC and the
average of the data bkt FeoPds, translating this percentage tosg€°ds; 5 and accounting
linearly for the loss of order due to non-stoicheéirg (Snax= .77). The approximated values for
all three phases of kP ds; 5 can be found in Table 3. If we accept these waigeaccurate, it is
clear that the Ldphase has a larger biaxial and shear moduli thartwo cubic phases at this
composition. While these are room temperature eslulata taken closer to the deposition
temperatures (Table 2) suggests that the biaxialume for LY remains considerably larger

than the cubic phases across the entire temperatuge.

Type Temp. Cp Cis Cos Css Cu Cee M(GPa) G (GPa)
Y — FesPd RT 219 162 86 141 63
L1~ FepsPdsie RT 228 169 89 147 65
L1o— Feg:Pdh: RT 226 153 153 232 94 94 177 71

Table 3—Approximate values of the stiffness tensor, blatd shear moduli for FCC, LBnd
L1, phases based on interpolation from known data.

The higher biaxial moduli of the kIphase could explain in part why it is not strongly
favored by the 4.212 A MgO substrate, despite hpeitattice parameter of 3.88 A compared to
the 3.83 A of the cubic phases. Misfit dislocasioslieving strain have a linear energy density
of E ~ Gb%2x, though their strain field is complicated by imtustion of the MgO interface. As
the dislocation energy density will prove to beligigle, the strain field can be approximated as
being half in the film and half in the substrate=(G24 GPa [31]). Each of these misfit
dislocations results in a relaxation on the integféhat is a projection of their edge character

along one direction, i.ea[101] - [100] = a and a[101] - [010] = 0.
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Two perpendicular dislocations over a square matenaterial will relieve (a/m) worth
of biaxial tensile strain, using a total dislocatitength 2 m. The areal energy density of

dislocations required to relieve strain is thus

Edzslocatlon = (2m) ( )( 2 )(L) — 2aGhe (22)

T

Using this convention, Wcan be written accounting for a thickness t arttecent strairgpas
—Ee;::s“” = M(gy — Ae)?t (22)

This allows for the total energy related to elasti@in and misfit dislocations to be calculated
for the L and L% phases as a function of the strain relieved frolmecence for a 50 nm thick
film (Fig. 16). The strain energetics of the systeuggests that klis still favored, but, after
significant relaxation has occurred (> 80%), thigedence in strain energy betweenpldhd LL

will play only a negligible role. As evidenced the strain energy at full relaxation, which is the
maximum contribution of focaion the elastic term dominates the dislocation enéogymost
strains, placing emphasis on the larger biaxial wheglM of LL. Consequentially, the trend in
strain related energy would still hold if a/2[113ppens to be the dominant dislocation instead
of a[110]. It can be inferred from the strain anes that the preference for Lthust come from
strain-induced effects in another contributionie system, such as the large magnetic energy.
Films clearly show a tendency away fromyllattice values, and the different elastic propesrti

of the phases are relevant only at the early staiggowth when films experience large strains.
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Fig. 16 —Total strain energies from elastic and misfit cdmitions for 50 nm thick films.
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3.6 — Ordering Behavior

At sufficiently low deposition temperatures, filmgill be kinetically limited from
transforming completely into the equilibrium ordgérphases during the finite length of the
deposition process. EgPdi1smaterial arriving at the surface during PLD is ectpd to be a
mixture of ions, atomic clusters, and nanopartiatethe disordered FCC phase of the material
[32]. This was confirmed by depositingsggPds1 5 via PLD at 3.0 J/cfin 100 mTorr (13.3 Pa)
He onto Type A carbon support grids (Ted Pellaycmm temperature for HRTEM. After
150 pulses it can be seen that a coalescing netwfdknm nanoparticles has begun to form on
the TEM grid (Fig. 17). With no superlattice plan@esent in the FFT pattern it is confirmed

that material is deposited in the disordered FC&ph

Fig. 17 —HRTEM micrograph of Fg sPds1 s material deposited by PLD, forming a coalesced
network of disordered, FCC nanoparticles.
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After arrival onto the heated substrate this FCGen will begin to increase in long
range order. Transformations between the disoddB@C, L}, and L% phases of the Fe-Pd
system are first-order phase transitions [33], éepeing nucleation and growth of ordered
phases as opposed to a continuous increase iniraydatr the atomic scale. However, as
illustrated in Landau’s free energy vs. generalineder parameter plots, there is an instability
temperature below which the transformation can oesua higher-order phase transition [34].
Concentration or strain fluctuations, both of wharke present in the thin films studied, also can
increase the likelihood of a higher-order phasesitaon [35].

The long-range ordering parameter S as defined_fgr which is different than S as
defined for L}, may be determined from the XRD data by carefohgarison of the superlattice
and fundamental peak intensities. For quantitaivalysis this is complex but well-established,
and covered in depth in the experimental procedufes classically defined, the ordering
parameter will take the value of zero when the k@ Rd atoms are randomly distributed over
the entire FCC lattice, and approaches unity as thd-e sites are filled exclusively by Fe atoms
and the Pd sites exclusively by Pd atoms. Forribe-stoichiometric Fg P15 the Ll
ordering parameter can achieve a maximum value ef &82, as there will always be Fe
remaining on the Pd sites of the,Uattice. As a result, the ratio of superlattiodfundamental
peaks, doi/loo2, has a theoretical maximum of 0.0886 for the eatd_1,-Fesg Pk, 5 films. This
is problematic given the higher values found fa& $imgle phase films in this study at 600°C and
650°C (Table 1). Closer study shows that thevaly in superlattice peak intensities arises
from an elevation in peaks shared by c-axis orterit#, relative to other superlattice peak
variants. This discrepancy has been found to résuwh Fe atoms in the 600°C and 650°C films

sitting in unequal concentrations across the tiiteesites of the FeRduperlattice, forming a
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slightly perturbed version of the kphase that gives special preference to the canesnted
(1/2, 1/2, 0) sites and will discussed later agter(Chapter 4).

Comparing the degree of ordering found in thesendfilto other publications,
nanocrystalline powders of Py, just outside of the projected two phase regionthef
equilibrium phase diagram, have long range ordearpaters that increase from disordered FCC
to L1yin a linear manner with increasing temperaturetiatpat approximately 30% ordered by
volume at 375°C and fully order by 625°C [36]. tihg aside the complications of any
perturbation and treating the films as conventidrigl, films in this study show good general
agreement with the publishedfeds, nanocrystalline ordering behavior. Films growb@®°C
are found to be in the territory of 60 to 70 % oede The 600°C and 650°C films are 97% and
100% ordered, respectively. Consequently, theegegf ordering in the films is similar to other

nanoscale studies, occurring significantly below Ibulk order-disorder transition temperature.
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3.7 — Major Findings

Thin films of Feg P15 were grown by PLD onto MgO (001) substrates betws@0°C
and 650°C. Films grown at 550°C exhibit differdm¢haviors than those grown at other
temperatures, experiencing a two-phase decomposaiml meriting further discussion. All
films grow with cube-on-cube epitaxy with the subst and show a preference for a tetragonally
distorted L} phase due to epitaxial strain, with the degreerder rising steadily across the
temperature range. No signs of the bhase were observed for any films in the studyerial
mismatch with the substrate is negligible and fs8tmain declines with increasing deposition
temperature. The difference in elastic strain giesrbetween the blnd LL phases is shown
to be small once full coherency is lost, explainmigy the lower lattice mismatch of the 41
phase does not dominate behavior; this allows @&notbntribution, possibly magnetism, to
preference the Llphase. An anomaly from the predicted values tpedattice intensities of
the L1, phase has also been noted.

In the following chapter the anomalous superlathegavior of the films will be shown
to arise from the existence of a metastable hybfidhe L} and L% structures, L1', once
theorized to exist in the prototypical Au-Cu ordesystem based on statistical thermodynamics
[37]. The unigue two-phase films grown at 550°dl wien be examined closer in Chapter 5,

with the phases identified and the origination balavior of the decomposition discussed.
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4 — L1' Ordering : Evidence of L1-L1, Hybridization

4.1 - Introduction

A unique finding of the growth temperature studyFatsPds; 5 deposited onto MgO
(001) substratelm Chapter 3 was that khatured films grown at 60C and 656C possessed
anomalous superlattice peak intensities, wherectdins also allowed by c-axis oriented, late
elevated slightly in relation to other variantshege films were confirmed to be of a single,
uniform composition by backscattered electron ndcopy. VSM hysteresis loops (Ch.3, Fig 7)
do not suggest the presence of two separate preses;ially one with the coercivity expected
for L1, ordering. MFM shows no discernible indicationt@b-phase magnetic behavior or the
nanoscale presence of magnetically hard precipita¥dkD peaks of the films are sharp, singular
and Gauss-Lorentzian in profile, indicating thenflhas only one set of lattice parameters. It was
concluded from this evidence that no significang pfecipitates were present to contribute to the
superlattice peak anomaly. Intensity variatioresiastead suggested to arise from tetragonality
in Fegd 15 films induced by tensile epitaxial strain, breakisymmetry in the three
face-centered L1 Pd superlattice sites into two variants which woger share the same
composition. This perturbation gives special piesfee to the c-axis oriented (1/2, 1/2, 0) sites,
and will be shown to be the result lafy-L1, hybridization into a metastable L1' phase. This
chapter expands markedly on initial observationghefanomaly with the growth of additional
films of varying thickness and rigorous quantitatiRD analysis of multiple peaks, confirming
the presence of an L1' phase. It also addressgsdper handling of ordering in the complex L1'
system by expanding conventional notation for tig &nd L% phases and offers speculation

concerning formation.
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4.2 - History of L1' Ordering

Existence of L1' ordering was first proposed by IMfh Shockley in 1938 for Au-Cu
alloys, based on Mean Field Theory (MFT) and Beth®earest-neighbor assumption statistical
thermodynamics [1]. Au-Cu is considered the prgimal ordered FCC material system,
exhibiting not only the tetragonal bJhase but both cubic Llvariants, and consequentially
serves as the model for most theoretical work o@ B@lering phenomena. In this treatment the
FCC lattice can be viewed as a compilation of fimberlocking simple cubic sublattices; each
occupied by some statistical composition and desegh i, L,, Lz and L (Fig. 1). For the
disordered case (= L, = L3 = L4) the entire system can be represented by one psegnalloy
composition. L1 (L;#Lo=Lsz=L4) and LY (L1 = Lo# L3 = L4) structures are fully described by
the alloy composition in combination with an orderi parameter relating the relative
compositions of the two sublattices. Tetragonal (L4 # L, # Lz = Ly) and orthorhombic
(L1 # Ly # L3 # Ly) symmetries are also possible, requiring two dwde ordering parameters

respectively due to their lower symmetries andeased number of variant sublattices.

325 o
L1, :ﬁ ;Hm

Fig. 1 - lllustration of the four simple cubic FCC sublatts and how different variations of

equivalent sites create the three ordered phasssidsed for the Fe-Pd system.
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Shockley proceeded to break these sublattice i@mgatnto three distinct types based on
the manner free energy responded to compositidmahges in his first-order calculations; the
cubic disordered phase (FCC), the cubic orderedelial), and the tetragonal ordered phase
(L1p). In doing so, Shockley combines theylahd L1' symmetries which, “for most purposes
can be lumped into a single phase.” The L1' portibthis “L1y” phase, however, dominates the
calculated phase diagram (Fig. 2) at low tempeesatland non-stoichiometric compositions.
Created from a first nearest-neighbor approximattbe Shockley diagram only qualitatively
matches the experimental phase diagram, and thgoaddf second nearest neighbors has been
shown to dramatically improve agreement by changireg FCC-L1, transition from higher
order to first order nucleation and growth [2]. €Thl' phase in the MFT model accommodates
the non-stoichiometry of an alloy by placing theeabundant constituent on thegdite, leaving
the remaining three sublattice sites to fully ordertheir preferred singular element. For
example, an alloy of type Ap,Cuso+x Would result in an L1' phase consisting of site

occupancies 1= Au, L,=( (1 - 4x) Au + (4x) Cu ) %, andzE L,y= Cu.

-
=

FCC

FCC

=
&
1

=
=N
1

S
'
1

=
(S}

Temperature (units To)

=
=

0 10 20 30 40 50 60 70 80 90 100
Cu Atomic Percent Gold Au
Fig. 2 — An illustration of Shockley’s calculated phasegiam [1] for the Cu-Au system. The

dotted lines represent a transition between thaagetnal LY and L1' phases.

95 | Ch.4



Having no experimental confirmation, and origingtisedicted to be unstable by Ising
spin models [3], quasi-chemical theory [4], Clust@ariation Method (CVM) calculations [5],
and Monte Carlo (MC) simulations [5], the L1' phasas long considered an artifact of
Shockley’s first-order approach. In 1986, throtigé refinement of some minor approximations
present in earlier CVM work, Ducastelle et al. fjain predicted the presence of the L1' phase
using both tetrahedron and tetrahedron-octahedlostecs; the latter spanning a region of
similar size and shape to Shockley's (Fig. 3). Theas followed by targeted MC simulations
exhibiting a stable, low-temperature L1' orderedgghsharing a higher-order transition withy,L1

and first-order transition with L1(Fig. 4) [7].

<= MFT CVM =

1.0-
= FCC FCC
w 0.8 :
y— :
= . [ :
50.6— H L-ll]
¥} 1 H
e AR
= vl
= 0.4- (R
e : “ E I
W r r
o - :'
E 0 2_ 1 E .l'
S CoOAH

L1 v L1
‘J
{'00 L] l L] l L] l L l L I L]
0 10 20 30 40 50 60 70 80 90 100
Cu Atomic Percent Gold Au

Fig. 3 —Combined theoretical phase diagrams for an orddf@C system derived from MFT
[1] and CVM [6], both predicting similar L1' stahiy regions.
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f--0.410 -0.390 -0.366 -0.346 -0.334 -0.320 -0.308 -0.294

Fig. 4 —Monte Carlo calculation of the concentration of th€C sub-lattice sites near the ¢-1
L1, superdegenerate point approached at differenteda), supporting the CVM prediction of
a stableL!’ phase region [7].

The higher-order transition likely originates frahe L1' primitive cell (Pearson symbol
tP4) sharing the conventional cell and P4/mmm sgmoap symmetry of the lglphase. The
inability of L1' to reduce to the lIprimitive cell (tP2) represents a loss of trawosiél symmetry

within the space group, increasing periodicity gldhe <110> directions of the cube from

a~'2/2(110) to av/2(110) (Fig. 5).

R R PR IR

S 0009

Fig. 5 - View of the (001) crystal facet of d_hnd LI, |IIustrat|ng howLJ breaks the

translational symmetry of L1 despite sharing the same space group symmetry.
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4.3 - Formal Treatment of the Ordered Phases

4.3.1 — Structure Factor and Allowed Reflections

The crystal structure factor, \; accounts for the constructive and destructive
interference of lattice planes (h, k, I) resultingcrystal diffraction (Chapter 2). Summed over
the N atoms of position (X, y, z) in the crystalsture, this term determines the classification of

extinct, fundamental, and superlattice peaks agi/en by

Fpi = Zﬁ:l fn exp [Zﬂi(hxn + ky, + lZn)]- (1)

For the disordered FCC phase all atomic siteserctimventional unit cell are equivalent.
Stoichiometric L3 and L% at perfect long-range order can be viewed as pesgpu-sites
occupied preferentially by A-atoms, apites occupied by B-atoms. Fordthere are an equal
number ofa-sites (L, L,) andp-sites (s, L4). L1, in contrast only possesses ansite (L) but

threep-sites (L, Ls, Ls). The sites and scattering factaréor these phases are listed in Table 1.

Atomic Scattering Factor

Site Position FCC LL L1,
0 o o) fq f, fo
Gro) | w6
(z 0 3) f f f
(03 2) f f f

Table 1 —Atomic sites and scattering factors for the comweeral cell of the disordered FCC, as

well as ordered Ldand L% phases.
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For the disordered FCC phase this reduces thetsteuactor to the single expression

F(FCC)ppy = fa(l + eim(h+k) 4 pim(h+l) 4 ein(l+k)) )
Invoking Euler's formula, &= (-1)", the last three terms reduce to 1 when n is emdnhwhen
nis odd. When reflection indices h, k and | dfewaen or all odd, the four terms in the structure
factor add constructively and result in a fundarakrgflection. In all other scenarios two of the
terms become negative and lead to perfect desteuictierference.

In the ordered Ldphase it can be observed that, @8 fs, no peaks can be completely
extinct from destructive interference. Jpeaks are broken into a fundamental variant that
coincides with the allowed reflections for FCC, auperlattice reflections that are extinct for
FCC but have a scattering factor pf fg for the LL phase. Ld exhibits the same fundamental
peaks as FCC but has a more complicated supeeldlizn L:2. Some superlattice reflections,
where (h + k) is odd, experience destructive ieterice and become extinct, while superlattice
reflections where (h + k) is even have a structacéor of 2(f, - fg).

F(le)hkl :fa + fﬁ(ein(h+k) + ein(h+l) + ein(l+k)) (3)
F(L1o)n = fo(1 + eimh+i0) +fB(ei7t(h+l) + ot (+i)) (4)

This trend is best exhibited by viewing the coniamdl cells of the phases in reciprocal space

Fig. 6 — Reciprocal space representations of the FCGC,, lahd LY phases, as well as a

superposition of three orthogonal variants of tegdgonal L} phase mimicking the Lphase.
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In reciprocal space (Fig. 6) each point represamntsfiection from a set of planes with a
normal vector starting from the origin, and a pltaspacing inverse to the magnitude of the
vector. As the FCC conventional cell is not a ptiva lattice, certain reflections will not exidt i
planes are labeled according to the conventiorl & juxtaposition, the L1 conventional cell
is also a simple cubic primitive cell making alfleetions possible, though the intensities of the
superlattice peaks are modified. The lcbnventional cell (tP4) can be broken into a senall
primitive cell (tP2), once again necessitating soextinct reflections in the conventional
labeling. The Ld reciprocal space is dependent on orientation,ghahree L3 crystals aligned
across different orthogonal axes will produce &lthe superlattice peaks of the Jd4tructure

when superimposed.

4.3.2 — LY} and L1, Formal Notations

It is important when discussing the L1' phase tpaexi upon the rigorous formalism
established for the existing ordered phases ofsjfs¢em [8]. As established, binary ordered
structures Ld and L% have two types of atoms and two atomic site vésiansites occupied
preferentially by A-atoms, anf-sites occupied by B-atoms. Imperfect ordering awoch-
stoichiometric compositions introduce the necessityview each site as having its own
concentration of species rather than remaining mieduby a single element. The concentrations

of A-atoms and B-atoms in the alloy, nd X respectively, follow the conservation relation:
Xy + Xp = 1 (5)

Similarly, the concentrations of A and B on eadlida site must be conserved, so that
A, + B, =1 (6)

Aﬁ +Bﬁ :1 (7)
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The atomic scattering factors can now be writterttiea-sites ang-sites as
fa = Aafa + Bafs (8)
fp = Apfa + Bpfs )
Lastly, so that both Lgland L% can be talked about in the same general termsititjiga y, and

yp are defined to be the fraction of each site typthe lattice (for Ldy, = yg = 0.5, while for

L1,y, =0.25 and y= 0.75). Conservation once more dictates that
Vo +yp =1 (10)
and two more relations can be reached
Xa = Yol + yp4p (11)
Xp = YaBa + ypBg (12)

A long-range order parameter S for bothy lahd L% ordering is defined so that it is
linearly proportional to (A+ Bg), with S = 1 for a stoichiometric fully-ordered tesal and

S = 0 representing complete disorder, so that
S=Aa+BB_1=Aa_A,B=BB_Ba (13)
which, utilizing Eq. 10, 11, 12, and some algeim&]assically expressed as

_ Ag—Xa _ BB_XB
1-Ya 1-yg

(14)

The parameter S can reach unity only for a stomeinic compound. This definition guarantees
that the structure factors for both Jdnd L% superlattice reflections are proportional to S for
non-stoichiometric compositions. In order to camske mathematical derivations, Fig. 7 and
Fig. 8 on the following pages provide a summarguberlattice structure factor calculations, as

well as the limitations placed on the ordering paeter by non-stoichiometry for both phases.
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Fig. 7 —Calculations for the structure factor and orderilgits of the L3 phase.
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Fig. 8 - Calculations for the structure factor and orderilgits of the L1 phase.
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It can be seen from structure factor calculatiohat tLly fundamental reflections
(2f, + 2fg) are of intensity 4(Xfa + Xgfg), while superlattice reflections (2f 2fs) have intensity
25(fa - fg). Similarly, Ll fundamentals (f+ 3fs) are of intensity 4(Xfa + Xgfg), with

superlattice (f- fg) intensities of S¢- fg).

4.3.3 -Expansion to the L1' phase

L1' ordering introduces a third site to the bind&3B system at the 1 position. This
y-site can be viewed to be preferentially occupigdibatoms, but orders separately of thsite
so that A > A, > Ag. The atomic scattering factor of tisite will be { = A/fa + Bfg, and as

on other sites: & B, = 1. Conservation dictates that former identiiesexpanded so that

Vet ypty, =1 (15)
Xp = YoAa + yﬁAB + yVAy (16)
Xp = YaBa + yﬁBﬁ + YyBy (17)

The structure factor of the L1' phase can be wride

This preserves much of the {phase behavior and results in three variants: sonahtal,
superlattice reflections where (h + k) is odd, angerlattice reflections where (h + k) is even.
The primary difference from lglis that when (h + k) is odd the first two termsraui perfectly
destructively interfere (Lilbehavior), and this results in a second type pédattice reflection.
Another way to view the superlattice behaviorhaf t 1' structure is as a superposition of
L1o and L% type ordering. When this is done graphically gsieciprocal space it is easy to see
that three variants exist (Fig. 9). One set ofesigttice peaks are contributed solely from the

L1, nature of the hybrid phase, and therefore caralbedc“L1, superlattice ordering”.
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Fig. 9 —Reciprocal space of the . &and L% phases with their superposition into the L1' phase

The L1, superlattice ordering of the L1' phase has a stredactor ({ - f,) as the twogfterms
cancel. The other superlattice peak is a comhinaif reflections from both lgland L% types
of ordering, and can be called “mixsgperlattice ordering”. This mixed superlatticeiaat has
a structure factor of {# f, - 2f;). Fundamental peaks, as for all cases befores hastructure
factor that is a summation of all the atomic s{fes- f, + 2f;).

As for the L} and L% phases, it is convenient to condense the releaotlations for
the structure factor of L1' onto one page (Fig.. 10he addition of g-site requires that two
ordering parameters now be defined to describesyseem. The choice of one these ordering
parameters is straightforward, collecting the Iegditerm of the L1 type superlattice
ordering we can define the first ordering paramstethat

Say = A — 4y (19)
This choice for the first ordering parameter clgdellows the definition of the order parameter
for L1o and L% ordering, S = A& A, and cannot exceed the value of one. In fagtisSactually
a conventionally defined ordering parameter aceo2® monolayer sublattice of andy sites.
In this 2D layer $ = 1 will form a perfect chessboard pattern, apd=S) represents complete

disorder in the monolayer and a uniform compositioross the two sites.
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Fig. 10 - Calculations for the structure factor and orderilngits of the L1' phase.
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The choice of the second ordering parameter isanatlearly determined and there are
several justifiable possibilities. The leading merfor mixed superlattice ordering is
(A, + A,— 2Ag), and can take values as high as 2 when appraatiinstoichiometric ordering
(A,=A,=1Ap=0). This problem can be resolved by emulatirgltiy ordering calculations

with the inclusion of a leading value of 2, i.e g&&(fa-fg), making the new ordering parameter

AqtAy-24p  Agth,
2 - 2

Smixed = — Ag (20)
This is a valid choice for the second ordering peater, being linearly independent with the first
ordering parameter and the compositional constrianEqg. 16. Physically speakingmid
represents the degree of ordering between altaghationolayers, which is the same ag L1
ordering while treating fpand A as an averaged statistical site.

Another possibility for picking the second orderiparameter is to note that AAg, used
to define the Ld and L% order parameters, is the sum of the independenttibations A, - A,
and A - Ag. The first term has already been utilized asotfuering parameter,y the second

Syp =4, — 43 (21)
can be defined as a second ordering parametehéoLl' phase. ,pappears in the structure
factor calculations for the mixed ordering sup¢idatin the form of (§ + 2Sg) (fa - fa).
Similar to the § parameter, [ is a conventionally defined ordering parameteros&ra
sublattice of the andp sites.

The choice of g and $ as L1' ordering parameters can be shown to bera elegant
representation than that of,&nd Qe Across all compositions the g &nd L% phases can be
viewed as constrained subsets of L1' ordering,rddgss of which set of ordering parameters is
used. For the &S notation, when $ = 0 (A, = A)) then § = A, - Ag becomes the

conventional L3 ordering parameter. Similarly, wher; S 0, S, is identical to the conventional
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L1, ordering parameter. Both thedAdnd L% phases are therefore special cases of L1' ordering
where one of the structure factors is zero, regasdbf stoichiometry. The choice af,-S;
notation adds additional insight into the naturd.dfordering, emphasizing hybridization of the
L1o and L% phases, and the contribution of both sublattiogse structure factor (S+ 2Sgp) of
the mixed superlattice reflection. For the altégn&,-Swixea NoOtation, as with the .S,
notation, the L3 phase will still have $ = 0 regardless of composition. In this notation,
however, L% type ordering always will have,S= 2Snxes FOr example, fully L4 ordered
Fess P15 would be represented ag, S 0.82 and Qixed = 0.41; opposed to5= 0.82 and
Sp = 0. This choice of notation is not incorrect, luteases to provide the more intuitive
understanding of the L1' ordering process thalS3 notation offers.

Defining the ordering limitations based on composi is complicated from the
calculations seen for 1(Fig. 7) and L1 (Fig. 8) phases by the addition of a second orderin
parameter. We start with the defined L1' phaseieh

1>4,24,24;>0 (22)
Treating Eg. 16, 19 and 21 as a system of lineaatsons and diagonalizing the matrix

5.
Syp (23)
1 2 1|4 ax,

S =
=
[N
’_\I

=
SN
= |
I

1 0 —-11[4«] | Say
SVB (24)
0 0 4l|4,] [4X,—S. +2S,

(e}

I
—_
—_

I
)

I

- 3 1
Xa+5Say +55yp ]

1 0 0][4a ] ]
0 1 of|4s|= XA—ZSay—ESyﬁi (25)
0o 0 14,

1 1
| Xa _Zsay + ESVBJ

Combining these equations yields
> 3 1 > 1 1 > 1 1 > 26
12X+ Sy +5Sy8 2 Xa = Say + 58 2 Xa =3 Say —3Syp 20 (26)
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The central inequalities reduce to trivial statetae(Ss > -Sg) so the outer inequalities

determine the limits on ordering for the L1' phase
3Sqy + 25,5 < 4(1 — Xy) (27)

Say + 28

5 < 4X, (28)

These limits reduce to the same as fog &1L 1, ordering when either,$or Sg becomes zero.

4.4 — Observation of the L1' Phase

In the growth temperature series (Chapter 3) it alaserved that films grown at 61
and 650C possessed anomalous superlattice peak intensitizh, combined with evidence
excluding LY ordering, first suggested the possibility of axtsaoriented L1' phase. In
particular the ratio of superlattice to fundamepigks, doi/loo2, iS capped at 0.0886 for epitaxial
L1,-Fess sPds1 s but ratios as high as 0.128 were being measufedan observer familiar with
the substantially larger superlattice intensitie¢he related CoPt and FePtjldystems, where
looi/loo2 can approach 2, both of these values may appemiosply low [9]. The change in
magnitude originates from the switch ofLtb L1, ordering and the difference in the atomic
form factors of Pt and Pd, both of which resultraughly four-fold drops in the superlattice
intensities. As discussed in Chapter 2, quantgaXiRD is able to accurately predict the relative
peak intensities of bulk Fe-Pd phases within 2 @ &rror. The epitaxial films in this study
likely narrow this error due to simpler geometrjiménation of indeterminate texture, less
disorder at grain boundaries, and familiarizationthwthe diffractometer being used.
Consequently, the 10 to 35% variations fromekpected intensity ratios measured represent
a significant deviation. Additional films grown &0CC for this study confirm both the

reproducibility of the L1' phase and provide a @&argody of data points to support its presence.
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4.4.1 — XRD Methodology and Analysis of Error

To verify the presence of L1' type ordering, a ditative comparison of peaks intensities
belonging to each of the structure factor variantst be made. As calculations rarely perfectly
predict results, it is absolutely critical to perfoanalysis in such a way that possible errors from
the numerous correction terms are systematicaltlymized. One simple way to do this is by
analyzing pairs of relative peak intensities thatw under similar diffraction conditions.

The first peak pairs are taken fr@éa20 scans with scattering vectors perpendicular to the
film, providing the (001) mixed LJL1, superlattice and (002) fundamental peaks. Thelsim
normal geometryy = 0) of these scans reduces error by removingléfiecusing correction, as
well as simplifying the absorption correction termthe Lorentz correction remains influential
for these peaks but is not subject to significantre as it is determined strictly from the20
geometry. One major source of possible error éspblarization correction, which reasonably
could lead to a 1 to 2 % error in the predictedtreé intensities (Chapter 2), and in the worst
case scenario no more than 6 %. Any correctionaforunder-accounted polarization factor,
however, would serve to lower the predicteg/loo2intensity ratio. The model would therefore
be under-predicting the amount of ordering presawt polarization error would strengthen the
argument for L1'. The Debye-Waller temperaturgexdiion is very small to begin with at room
temperature (~2% forod/loo2) SO any error from the term can be assumed toaméshkingly
small; though orientation corrections have beewrrd@nhed for L} FePd [10]. The absorption
correction can serve as an error to the/lbo2 intensity ratio due to some uncertainty in film
thicknesses. Doubling film thickness results in agproximately 3 % loss in the ratio and
thickness errors can be viewed as a negligibleritanion for actual deviations, which will be
much smaller. Surface topology of films may alead to some error in the absorption term,
notably for the island forming 680 films. The integrals needed to discretely sdbrehis error
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are specific to the 3D surface and unapproachabgpticated without the aid of extensive
computer modeling. As a first-order approximatithe film can be viewed as having a lower
average density but remaining smooth. Such anoappation suggests an error on the scale of
1-2% for the island forming films. For the majgriof films, grown at 60%C, their smooth
nature on long length scales will make any topaabgeffects less consequential.

The second pair of peaks utilized for analysis thee (121) L} exclusive and (112)
mixed L1y/L1, superlattice peaks, the lowest order pair of aibkspeaks with similar indices,
i.e. both containing c-axis components lifting difftion out of the film plane. These peaks
share nearly identical Bragg angles as the dedréetragonality in the films is still relatively
close to cubic, but the peaks are found at diffegetits for epitaxial films. The similar Bragg
angle of these peaks nearly eliminates the imphitteoLorentz, Debye-Waller and polarization
correction factors. This leaves the absorptioriofacwvhich is simplified by the removal of
0-dependence and consequentially behaves much Jigoob ratio in terms of error, and
the defocusing correction. The defocusing coroectis determined empirically for the
diffractometer geometry being used and should ea bignificant source of error.

The relative errors expected for both thg/loo2 and k14112, ratios are expected to be
small and, due to polarizationgodlpo, Mmay actually be conservative. The ratig/looz IS
sensitive to the degree of ordering in the filmg@G32) is a fundamental reflection. If the two
ordering parameters follow the same general behgS8jpx S,,), errors in doi/loo2 Will affect the
holistic state of order in the system but havéelitble in providing information on L1' nature.
The kiJl12; ratio of the films, which is more insensitive toraes, is independent of the
fundamental peak intensity. Deviations to thig/lli»; ratio are a more direct representation of
the L1 vs. L1' nature of a film. All film peaks were nsemed after removing background signal

from the0-20 scans.
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4.4.2 — L1' Confirmation through XRD Results

Comparing the measured intensity ratios againsgettexpected for perfect Lardering
(Table 2), it can be seen that the films have lalgaations from the expected values. This is
particularly clear in the;iJl12; ratios, which are invariant to changes in the dtiglidegree of
ordering compared to the fundamental reflectioi$ese 1:41121 values fall well outside the
expected margin of error discussed earlier, in mzases by an order of magnitude or greater.
The botloo2 values are subject to a greater level of deviationsome cases resulting in
decreased values from those calculated for fuldeed L:. This arises as some films have not
maximally ordered, which is equivalent to saying dbksites, which are able to fully order, have
A, < 1. Complete data for two of the earliest filiss missing, due to their unfortunate
destruction or damage during or between charaat&iz methods, much of which was

performed before the L1' phenomenon was realizétve occurred.

L1, Values @ {ax  Experimental Deviation
Substrate  Temp. Thickness doidoo2 l112d121 lootdooz l112d121 lootdooz  l112d121
Crystec GmbH 600 °C 45 nm| 0.0889 0.5022 0.0959 - 7.87 % -
Crystec GmbH 600 °C 45 nm 0.0889 0.5011 0.0982 0.6857 019%.4 26.87 %
Crystec GmbH 650 °C 45 nm| 0.0889 0.50716 - 0.6572 - 29.47 %

Crystec GmbH 650 °C 45 nm 0.0887 0.5084 0.0984 0.5[/77 91%.9 13.62 %
Sigma Aldrich 600 °C 80 nm 0.0868 0.5200 0.0735 0.8042 .325%0 54.65 %
Sigma Aldrich 600 °C  115nm 0.0850 0.5304 0.0774 0.7%507 948 41.55%
8
6

Sigma Aldrich 600 °C 85 nm 0.0866  0.519 0.0871 0.7893 106 51.85%
Sigma Aldrich 600 °C 70 nm 0.0876  0.513 0.1183 0.7786 0B% 51.59 %

Table 2 —A comparison of eight films found to be in the hiase, examining their expected
values at full L2 ordering juxtaposed to their experimental valuéde deviations fori{Jl121
are shown to be well above the calculated margierobr, while boi/loo2 ratios vary more as

they depend on the holistic degree of orderingctving not always maximal.
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Substrate  Temp. Thickness g Sp Aqy A, Ag C-axis A-axis C/ARatio
Crystec GmbH 600°C  45nm 0.76* 0.05* 0.98* 0.22* 0.17* BA 3.85A 0.9880
Crystec GmbH 600°C 45nm 0.77 0.05 098 0.22 017 3.80A 588 0.9876
Crystec GmbH 650°C  45nm 0.79* 0.04* 1.00* 0.21* 0.17* B3R/ 3.85A 0.9941
Crystec GmbH 650°C 45nm 0.80 0.03 100 0.20 0.17 3.82A 548 0.9923
Sigma Aldrich  600°C  80nm 0.60 0.07 0.88 027 020 383A 83® 0.9946
Sigma Aldrich  600°C  115nm 0.65 0.07 091 025 0.19 3.83A 853& 0.9939
Sigma Aldrich  600°C  85nm 0.68 0.08 093 025 0.18 3.82A 853# 0.9937

Sigma Aldrich 600 °C 70nm 0.76 0.09 1.00 0.24 0.15 3.81A 86#& 0.9890
*Sample destroyed during prior testing, numberspolated from partial data

Table 3 —The ordering parameters, Fe compositions at theehatomic sites, and lattice
parameters of eight L1' EgsPdk; s films. Many of the films approach nearly full orchg A, ~ 1,
and have none-zero components to bothaBd $,, representing an L1' nature. Of particular

note is the correlation betweery &nd the tetragonality of the films.

Once the relative intensities of these peak pagskaown $, and $g can be determined
(Table 3). The ordering parameteg, $emains significantly larger thangSunder all film
conditions, showing a general predominance of hdture. The Fe occupancy @kites (A)
approaches but does not exceed 100%. This wasordtrained during fitting, meaning
measurement errors could easily have placed iteaboity. While circumstantial evidence, this
is a strong positive indicator of analytical acayraAs the two valuesdi/loo2 and hidl12; are
fitted by two variables, Sand S, they are able to produce “exact” order parametérshange
of 0.01 to the value of,3or Sgequates to an error in the intensity ratios orotiaer of 3 to 5 %,
consequently the order parameters calculated céakba to be accurate to the hundreths place.

There are some notable differences to the ordgrargmeters based on the substrates
used. Films from the original temperature serie€oystec GmbH brand substrates, considered
to be of high quality, produce relatively consistealues for A, A,, and A. Films grown on

substrates from alternate suppliers were found) bmt these particular films and many others

113 | Ch.4



discussed in Chapter 5, to produce a range of groethaviors due to impurities and hydrophilic
surface pitting. A good example can be found ig. Ail, which displays micrographs of two

films taken from the tables above with markedlyad#nt surfaces.

J

Secondary Electron Sk X20,000 Secondary Electron S5k X20,000

Fig. 11 —Secondary electron micrographs of a 70 nm thigkaf#d 115 nm thick (B) films from
the XRD study in Table 2 and 3. Hydrophilic suefguitting of the MgO substrates can lead to

unpredictable number and size of voids as theddalesces.

Tetragonality within each sub-set of films can bersto correlate with increasinggShe
ordering term which breaks cubic symmetry. Thiggasts that heightened tetragonality due to
epitaxial strain encourages the formation of the giliase in an effort to relieve energy in the
system. The bulk lattice constants for the lphase at RgsPdk15 (S, = .82, § = 0) are
approximately 3.83 A. Lglat this composition ($=0, Sp = .77) hasa=3.88 Aand c =3.73 A
({2a+c}/3 = 3.83 A), and a tetragonality of C/A =981 [11]. The L1' phase should exist
between these bounds and its natural tetragomalityserve to relieve strain energy compared to
L1,. This still leaves the absence of the more tetragLly, as an unanswered question, which

likely results from the unaccounted magnetic enemytribution to the system.
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4.4.3 — Feasibility of an L3-L1, Microstructure

In order to fully embrace the existence of L1'te system it is important to show that
possible alternatives are not tenable. Direct cordtion through HRTEM is difficult as the L1'
phase found in these films represents a small ceitipoal shift which impacts the intensity and
not location of possible reflections. This ~5 %mgmwsitional shift also tests the current
boundaries of atomic resolution High Angle Annubark Field Scanning Transmission Electron
Microscopy (HAADF-STEM) as only one atom on averagrild be expected to be perturbed in
an atomic column for every ~8 nm of material thiegs along the optimal (001) or (100) zone
axes. Natural variations in thickness or intedadiisorder from sample preparation could be
expected to negate or overwhelm the small confrast L1' ordering for samples thin enough
for atomic resolution STEM.

It is possible to reproduce the intensity ratios ftbe L1' films with a two-phase
microstructure of L1 and c-oriented Lglphases, both of EgPds; 5 composition.  If the alloy
does form in a two-phase field its constituentsutdhthave separate compositions in equilibrium.

Fig. 12 demonstrates that no distinct compositioaalance has been observed even for the most

Sccondary-Elcclrm:- S5k X20,000 Backscattered Electron 5k  X20,000

Fig. 12 —Secondary and backscattered electron micrographiseo70 nm thick L1' film showing

no discernible differences in composition, the fieatures present in backscatter being voids.
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distinctly L1' of the films, though the degree afngpositional separation could be below the
Z-contrast or spatial resolution of backscatteréctascopy.

If a two-phase microstructure is present it wiledego have formed through nucleation in
a first-order phase transition to exclude the ity of the L1' phase, as continuous ordering
from the L% to L1, phases necessitates the presence of L1' as améatiary state. For the four
thicker films a two-phase L1, microstructure can be calculated to require apprately
13 % L1 by volume, with ordering scaling as S = A, for both phases. A c-axis oriented
L1, precipitate with a high degree of ordering carekpected to manifest in magnetic behavior
at 13 % volume. VSM hysteresis loops of the thidkens, in addition to those already covered
in Chapter 3, possess coercivities in the rang83ff to 430 Oersted (Fig. 13). As 1
ordered FgPdss 10 nm particles grown on MgO substrates still bilgoercivities above 3000
Oersted [12], and are still above the values oleskdown to 3 nm [13], this strongly suggests
the absence of k1 The form of the hysteresis loops closely follaivese for the 60T films

from the original temperature study (Ch.3, Fig 7).

A 750 . B 750
500 ] 500
a a
g £
\: 250 \: 250
2D 25
g g
N2 <
= =
R : , / , . , £ 0. : : ; ‘ ‘
- -
S -12000  -8000  -4000 {4000 8000 12000 § 12000 -8000  -4000 4000 8000 12000
3 3
& -250 & 250
< <
= =
-500 -500
H, : 421 Oersted H, : 329 Oersted
M; : 674 emu/cm? M, : 663 emu/cm3
2750 -750

Field (Gauss) Field (Gauss)

Fig. 13 —Hysteresis loops corresponding to the 70 nm tfkdkand 115 nm thick (B) films in
Fig. 11. The low coercivities @Hof these films compared todduggest absence of the phase.
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As domain pinning is expected to play a large ioléhese films, speculation concerning the
effect of L1' ordering on coercitivity is prone @aodegree of error, as film morphology will exert
a sizable influence. A general trend between laBjevalues and higher coercivity is expected
to exist as tetragonality should increase the magngstalline anisotropy of the film. Finely
dispersed Ld particles would also be expected to increase pgymwhich is not observed.

The absence of c-axis orientedyldrecipitates is strengthened by the addition ofMWMF

analysis (Fig. 14). Magnetically hard dregions of a film should have a stark contrastresga

Atomic Force Microscopy

0 pm . . 10 pm
Magnetic Force Microscopy

10 nm

0 nm

il + 500 m”

e " 10pm
Fig. 14 — Paired atomic and magnetic force micrographs & thm with the strongest L1'
ordering (70 nm thick). Magnetic force microscaghows random magnetic structure and no

regions of strong contrast, suggesting a singlesehfdm without magnetically hard precipitates.
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the magnetically soft LiLmatrix, which lacks a strong magnetic easy axi &ill rotate more
freely. Instead, MFM shows a random deviation ahle average force on the tip, seen clearly
in the contour map with an equal number of high &wl points that has no correlation to
surface topology. Fe-Pd films are expected to l@kha striped domain structure with
30 to 50 nm spacing when the magnetic easy axatigeed out-of-plane [14, 15]. The MFM
pattern found in Fig. 14 is instead consistent \ilih film having a general in-plane orientation
for its magnetic easy axis, which is more congrueitk a weak L} easy axis along the <111>
directions than the strong ¢.gasy axis along [001] for films thicker than 30 [i&-18].

The absence of any pXkignature in the magnetic behavior at 13% voluraetion is
suggestive but not definitive. This volume, howeve well above the detection limit of XRD
and would be recognized if convoluted with an pgak. Any L} precipitate must consequently
share identical lattice parameters with the Ibiatrix. For all the films in Table 3, the 4.1
precipitates would be placed under considerablepcession for large ordering parameters
(S > 0.8) a— 3.88 A despite the Ldmatrix (a = 3.83 A) remaining under tensile strait
would be highly unusual, and energetically unfabteafor a film to form compressed regions
when growing epitaxial to a substrate that is plgat under tensile strain. In juxtaposition, L1'
provides a clear account for the strain energylkaaidhvior of the films. Heightened tetragonality
for films on each substrate brand is accompanied byrresponding increase igg,Swhich is
related to the strength of b.type ordering in L1'. As.pincreases, the a-axis lattice parameter
of L1' will transition away from the Lslvalue of 3.83 A, toward the §B.88 A. Tetragonality in
the films accompanied bygordering can therefore lower strain and elastergym Developing
strain energy during growth is hypothesized to elrthe L1' perturbation, and explains the

sensitivity of the phase to film thickness, tempam@, and the starting substrate surface.
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4.5 — Origination of L1' Behavior

Having established the likelihood of the L1' phdseming for epitaxial films of
Fess P15 discussion can transition to the manner thatcbines to constitute the film: either
as a perturbation away from a primordial convergiamrdered phase, or as the primary phase

arising from the very onset of ordering in the film

4.5.1 — The Case for L1 Perturbation : Snoek/Zener Type Effects

As the FegsPds1s films remain predominantly Llin overall nature it is possible that
they originate as conventional L&nd are subsequently perturbed from this equilibrby strain
conditions in the film. Tensile strain breaks syetrm in the three face-centered ,LPd
superlattice sites, creating two variants. Fe at@me smaller than those of Pd and will be
affected differently by the induced strain. Intpardar they may come to preference the c-axis
Pd site of the material to better accommodate xpitatrain and this perturbation would create
the L1' phase from an originally ktilm.

This proposed phenomenon is similar to several-kmelwn observations: The Snoek
effect concerning the behavior of interstitialssiteel [19], and the Zener effect in alloys of
a-Brass [20, 21]. In the Snoek effect, strain beeakmmetry of the BCC Fe lattice efsteel,
therefore carbon or nitrogen atoms come to pretedgnoccupy one of the interstitial sites over
others; though the term Snoek effect, “is [nowaflaysed in a wider sense, implying the
relaxation phenomenon associated with reorientatibmsolated solute atoms in any crystal
lattice or even in amorphous structures.” [22] Huwe related Zener effect, stress is found to
induce a preferential orientation of Zn-Zn atomrpan brass, which is a substitutional alloy of

Cu and Zn atoms in an FCC lattice structure. Thephase may be considered a subset of either
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the Snoek or Zener effects, and if a bulk samplelétould be produced, experiments involving
a Snoek pendulum to measure the diffusion dampenfitite alloy may be insightful.

As the difference between £ and L1' behavior is fairly complicated to estakx sity
in situidentification to monitor any change of behaviaridg deposition is prohibitive. If a film
could be safely removed from its MgO substrate,cwhin theory can be done without harming
the film with a solution of sodium bicarbonate imter at the rate of 80 nm/hr over the better
portion of a year [23], the behavior of the unstea film may be insightful to the nature of L1’
ordering. A more productive path may be to deteemi L1' FegsPd1 5 films can be grown on
more hydrophilic NaCl (001) substrates, whichgkRds; 5 could be expected to deposit on with
the same epitaxial orientation [24]. This wouldregmse the level of experimental difficulty as
NaCl must be cleaved under vacuum, but is expeoted a viable way to produce free-standing

Fess P15 films for study.

4.5.2 — The Case for Native L1": Simultaneous Comtuous Ordering

Transitions between the FCC, d.-and L% phases are generally first-order and require
nucleation and growth with distinct phase boundariés illustrated in Landau'’s free energy vs.
generalized order parameter plots (Fig. 15), the@n instability temperature ;jToelow which
the transformation can occur as a continuous higregr phase transition [25]. The vertical
axis of the plot is the change in free energy fittwn disordered to ordered state, with a long-
range order parametgr(as S will be used shortly to represent entropghove T an energy
barrier exists between the disordered and ordetai® ®f the material, preventing it from
ordering without nucleation. Below; The system is able to move incrementally to stafes

higher order through a continuous transformation.
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Fig. 15 —Landau free energy plot illustrating the effectexhperature on the nature of ordering.
T, represents the critical temperature and the omdedrder. T is the instability temperature,

marking the transition away from first-order nudiga to continuous ordering.

It is possible that films were grown beneath thatdhility temperatures for both § And
L1, type ordering, and experience simultaneous coatiawrdering. This would imply that the
films form in the L1' phase directly during the erthg process of a strainedskgds; 5 film.
Interpolation from cluster variation method modglior the Au-Cu and Fe-Pt systems [26, 27]
suggests that instability temperatures are highFexPd, on the order of 90 % the ordering
temperature. Carrying this ratio over to the expental diagram of the Fe-Pd system (Fig. 16),
it can be seen that the deposition temperatures falapelow the instability temperatures for
both ordered phases. This line of reasoning sugdlest instead of the complete absence @f L1
from the expected two-phase region of the phasgralia, the system resides in a mixture of
local ordering moving the system toward both Bhd L% on the atomic scale simultaneously,

in an effort to balance energy contributions froothbstrain and magnetism.
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Fig. 16 — Partial phase diagram of the Fe-Pd material systantered about the EgPdsis
eutectoid composition. Dashed lines in the diagn@present uncertain boundaries in the
experimental phase diagram. Dotted lines represimiapproximate instability temperatures of
the LL and L% phases, underneath which L1' may be expectedrio faom simultaneous
continuous ordering.

4.5.3 - First Principles Calculation of Instability Temperatures

In this section a first-order assessment of tis&alvility temperature for both the d_and
L1, phases of Fe-Pd is made to compare against tetechariation method, expanding upon
the generalized Bragg-Williams approach and Khagolgan's Static Wave Concentration
(SCW) methods [28-30]. The derivation for the atslity temperature starts with the

interchange energies {Mrom first and second nearest-neighbors in th€ EG/stal.

Vi = %(EAA(lst) + Egp S0 — 2,,(5D) (29)
Vona = %(EAA(znd) + EBB(an) _ ZEAB(an)) (30)
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The terms of type f®"? are pairwise interaction energies between atamthei case of g "%
the interaction between two A type atoms betweenrsd nearest-neighbor sites. In general the

Hemholtz free energy of mixing in solution of A &&oms can be written as
E,=E,—TSny (31)

The heat of mixing term fcan be broken down into eithe? and 2¢ neighbor interactions

E; and &, or components based on the disordered stgdmdEthe addition of ordering,E

Introducing the alloy composition C, and the loagge order parametgr for the L} and L%

phases it follows that
Cio=C—5n G2 =C—qm (33)
Co=C+3sn  GMr=C+3Ip (34)

From here, with an extensive use of algebra antysinaf nearest-neighbor relations in the L1

and L% crystals [31], the heat of mixing contributiong &und to be

E"o = NV {12C€(1 - C) + %} E"2 = NV, {12C(1-C) + gnz} (35)
Ep*0 = NVana{6€(1 — €) — 2%} E;"'? = NVpna{6C(1 — €) —2n%} (36)
Eg"'0 = NC(1— C){12Vyg + 6V} Eg"'? = NC(1 = O){12Vig + 6Vang}  (37)
Eo*'0 = S Nn*{4Vig — 6Vzna) EoM? = = Nn*{4Vyg — 6Vzna} (38)
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The entropy of mixing term of Eq. 31 in the measidiapproximation for ideal mixing is given

by Boltzmann's entropy formula

Sm =kgInf (39)
Assuming random mixing on the sublattices, the igométion entropy depends on the total
number of possible arrangements of microstatethéosystem:

D)

L1y __
Sm " = ke In G i W

(40)

e (w) ”

L1, __
Sm = ke I G g N

These expressions can be expanded in terms of @ asidg Sterling’s approximation so that

1 1 1 1
s 11y _ k| AC=3MIn (c-in)+20-c+imm(1-C+3in) )
m 4 1 1 1 1
+2(C+5mn(C+3n)+2(1-C-3min(1-C—1n)

g 3(C—2mIn(C—3n)+31—-C+3mn(1-C+3n)
* +(C+%n)ln(€+%n)+(1—C—%n)ln(1—€—%n)

L1, _
Sm =

(43)

Khachaturyan’s SCW method approaches site occugmnand interchange energies as
formulated in reciprocal k-space, with the useietiete Fourier transforms. The real space site

occupation n(r) can be described this way as

n(r) =C+ Y, Q(k)exp(ik - 1) (44)

Here the average composition C is modified by aegugsition of concentration waves with

wave vectors k and magnitude Q(Kk), localized infits Brillouin zone.
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This allows the interchange energies to be expdelsgea Fourier transform with the summation

occurring over the first and second neighbors.
V(ky) =2 V(r)exp(iky " 1) (45)
For the first and second nearest-neighbor inteyastof an FCC structure this yields
V(0) = 12V + 6Vopg (46)
V(ke) = —4Vigr + 6Vang (47)
Which allows for Egs. 37 and 38 to be rewritten as
E " = NC(1 - )V (0) E ;"2 = NC(1 - C)V(0) (48)
EoMo = — N7V (ko) EoM'2 = — 2 Nn2V (ko) (49)

If the heats of formation for the disordered andeoed phases are known, it is now possible to
solve for V(0) and V(K. For Fe-Pd there are predicted heats of formatiailable that are

calculated from the cluster variation method [32].
E, P4 = N(4 x 10~®)Ry E, P4 = —N(1 x 1073)Ry (50)
E,FP% — _N(6x 10-3)Ry E,FeP% = _N(3 x 1073)Ry (51)

Combined with Eq. 48 and 49, the known concentnatiand) = 1 of the stoichiometric ordered

phases, this results in the interaction energies
V(0)fePd = 12 x 1073 Ry V(0)fePds = —533 x 1073 Ry  (52)

V(ky)FePd = 24 x 1073 Ry V(ky)FePds = 16 x 1073 Ry (53)
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To find the critical temperatures,, Tthe free energy related to ordering for the twdeced
phases can now be approached as in Fig. 15. ThedbF;, is conveniently compressed by the
use of stoichiometric compositions (C = 0.5 forlahd C = 0.25 for L) and subtraction of

the disordered f0), resulting in the more manageable

1 kpNT 1 1 1 1 1
Fun ()" = Fn(0)FePd = —2Np2V(kg)FePd + 22 fo(1 — 1) n (3= 1n) + 20 + 1 In (3 +39) — 41 (3)}

(54)

n)ln(iﬁin) —31n(2)}

1
4
GG+ G-I =3n) -, ()

(55)

4

1 1 1 1 3
3(=—-n)In(-=—=-n)+3(=+
Fm(n)FePd3 _ Fm(O)FePd3 — —%NnZV(kO)F‘"P% + RBNT{ (4 477) (4 477) (4

These equations can now be graphed as Landaurfeegyeplots. For FePd this results in Fig 17,
which shows a critical temperature of approximate8®5 K. The vanishingly small energy

barrier formed at Jsuggests that the instability temperature wil/bey similar to T for FePd.
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Fig. 17 — Landau free energy plot of Eq. 54 for FePd, noirel per atom. The critical
temperature §= 1895 K, and the lack of a significant energyfii@rimplies T is nearly T.
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Fig. 18 — Landau free energy plot of Eq. 55 for FgPdormalized per atom. The critical

temperature J= 777 K, and unlike FePd a small energy barriepiesent at I

The Landau plot of FeRBdFig. 18) shows a critical temperature of appratiely 777 K
and a clear energy barrier ag that is better visualized on a different vertisable (Fig. 19).

The presence of this barrier suggests there withbee separation betweenand T; for FePd.

1E-22 -

FePd-L1, at777 K

8E-23

6E-23 -

4E-23

2E-23

fu()-1,(0) (Joules)

0 0.2 0.4 0.6 0.8
Ordering (1)

Fig. 19 —Landau free energy plot of Eq. 55 for Fg@td770 K, normalized per atom. The larger

energy barrier for ordering than FePd suggests nms@paration between, &andT; .
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The instability temperatures; Tor both phases can now be calculated by takirg th
second derivative of the free energy of orderings.E54 and 55. Setting= 0 and solving for
the inflection point, representing the removal ofemergy barrier to ordering, the temperature

for continuous ordering can be found.

e A (P = = I (kg)"erd + () (5)
dd—;AFm (m)ferts = —ENV(kO)Fepd3 + kB:]T {4_347, + 1zi4n + 4+(izn + 12—91277} (57)
dd—;AFm(O)FePd -0 T,FePd — % (58)
j—;AFm(O)”Pd3 =0 TP = % (59)

The instability temperatures are thuslf®1%= 1894.6 K and ;T*"¢= 710.5 K. Egs. 58 and 59
here conform to the formula given for the instapitemperature as a function of concentration,

which can be used to assess changeswotii composition. [33, 34]
kgT; = 2C(1 — C)V(ky) (60)

The ordering temperatures found using this firsieo approximation are significantly
different than those of the experimental diagraloke the shift of the congruent compositions
away from the stoichiometric compounds, much of thiattributed to the large but unaddressed
magnetic contribution to the free energy. Howetleis model agrees well qualitatively with the
cluster variation approach and predicts the inbtplbemperatures for both the phases to be very
close to their critical temperatures, in the ranf®1 to 100% of their value. Consequentially,
continuous ordering is considered a viable pathexegn at the elevated depositions temperatures

used for the films in this study.
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4.6 — Major Findings

Through epitaxial deposition of k1.1, eutectoid Fg P sfilms PLD onto MgO
(001) substrates, experimental verification of ltneg-theorized L1' hybrid ordered structure
has been reached. The quantitative methodologgilede® assess films of this nature by
XRD is presented along with thorough analysis ofgtlde errors. New formalisms have
been established for the discussion of orderirtpigitype of structure, with the definition of
two ordering parameters highlighting the hybridiredure of the phase. The possibility of a
two-phase Lg-L1, microstructure is ruled out as unlikely through gmetic and
crystallographic analysis. L1'type ordering iedhzed to arise either as a Snoek effect type
perturbation of the Lilphase due to strain, or as the result of simuttamerdering toward

both the L} and L% phases on the atomic scale.
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5 — Two-Phase Films Grown at 550°C

5.1 - Introduction

From the growth temperature study of:&ds; 5 films deposited onto on MgO (001)
substrates at 500°C, 550°C, 600°C and 650°C (Ch&ptet became apparent that;g5¢>cs; 5
films grown at 550°C exhibit dramatically differem¢haviors from those grown at 500°C, 600°C
or 650°C. This will be shown to be result of arexjmected two-phase decomposition between
the disordered FCC and ordered; Iphases, despite the system residing in what isgtitato be
an L1-L1, two-phase region. This microstructure consistsdidfordered RgPdiy FCC
secondary phases with 10 to 100 nm facets orieatedg the <110> substrate directions,
embedded within a nearly stoichiometric ordereg/Hds; L1, Pd-richmatrix. These secondary
phase, magnetically soft precipitates exhibit #ndbmain magnetic axis rotation, while the
ordered L% matrix has a magnetic easy axis aligned in-plane.

This unique two-phase microstructure is postulatede induced by the degree of
epitaxial strain present in the films growing aD%5, as the deposition temperature is sufficient
for coalescence and larger grain sizes than thevswr films grown at 500°C, but low enough
that the misfit dislocations needed for relaxatairnthe interface are considerably less mobile
than those at higher deposition temperatures. His thapter the unique two-phase
microstructure of the films grown at 550°C will thebe examined closely in terms of
crystallographic, compositional and magnetic propsr The origination and behavior of the
two-phase decomposition will then be discussectlation to the experimental phase diagram,

highlighting a possible pathway to arrive at theeted microstructural state.
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5.2 - Characterization of the Two-Phase Microstruatre

From the initial characterization of the 550°C #&lnm Chapter 3 (Fig. 1) it became clear
that their behavior was inconsistent with the gahérends of the temperature study. This
ranged from the increased surface topography cadptar films grown at temperatures above
and below them, to the marked decreases in theasideshape of their VSM hysteresis loops.

Consequently, further characterization was requinegssess their microstructural nature.
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Fig. 1 - SEM secondary electron micrograph of a 550°GgHeds; s film with distinctive
features which rise from the surface and correspan®& SM hysteresis loop with low coercivity

and saturation magnetization, originally presengsdresults in Chapter 3.

5.2.1. Backscattered Electron Microscopy

The compositional contrast provided by backscattetectron microscopy in an SEM is
often a critical tool for the imaging of multi-plasnicrostructures. Utilizing a relatively low
working voltage of 5 nm, the interaction volume damnlimited within the depth of the Fe-Pd
film (Chapter 2, Section 2.3.1), yielding the neszgyg resolution to image the nanostructured

film, as well as lowering background signal frome thubstrate and increasing contrast from
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atomic number changes. This analysis shows tleabB0°C films are definitively two-phase in

nature (Fig. 2). Rectangular surface featuresecosdary electron imaging can be seen to
correlate with the presence of an Fe-rich seconpghage within a denser, Pd-rich surrounding
matrix. These {110} faceted, Fe-rich secondarysaisaare oriented along the <110> substrate

directions and have sides ranging from 10 to 100miangth.

-
£l

Secondary Electron 5kV X75,000 = 100 nm J Backscattered l'flcgrrun S5k X75,U[ﬁ} = 100 nm

Fig. 2 - SEM secondary electron and atomic z-contrast latkesred electron micrographs of a
two-phase Fg 15 film grown at 550°C, showing rectangular featusgkich correlate to
Fe-rich FCC phases with preferential facets alohg €110> family of directions, embedded in

a Pd-rich continuous matrix phase.

Image analysis, utilizing open-source ImageJ sof#wWa-3], establishes that the Fe-rich
secondary phase constitutes approximately 32 %heffitm surface by areal fraction. It is
expected that the depth of these secondary phagesaah or reach the substrate interface, as
the areal phase fraction and volume phase fractismletermined later by Auger analysis, are in
close agreement. Contrast threshold filteringvedldor an approximate particle (in this case
precipitate) size distribution to be constructednfrbackscattered micrographs. The general

process for this is illustrated for a 550°C filmHig. 3.
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ImageJ Micrograph
Analysis Example
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Fig. 3 — A detailed illustration of the image analysis pees used for the two-phase films. A
backscattered electron micrograph is broken dowa ablack and white image using a contrast
threshold, splitting two convoluted Gaussian sigpabks. The black and white image is then
used to compute phase fractions, as well as taneuind measure particle distributions. The

median particle area is ~2000 Apapproximately a 45 x 45 nm square or 32 x 64 eatangle.
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This analysis method will tend to overestimate Hwerage size of precipitates by
connecting some in close proximity that do not altyuappear to touch, as interpreted by the
human eye, and will also include some small poaftsontrast in the matrix that may not be
particles. The analysis for most measured prextgstis reliable and, as the median is resistant
to both these types of outliers, it can be saidh\wigh confidence to be about 2000nThe
precipitates can be approximated as rectanglesamitaspect ratio somewhere between 1:1 and
2:1, with larger precipitates tending to be morgtaegular. This places the median precipitate
in the range between a square of 45 x 45 nm and @2 nm rectangle, which appears to be an
accurate assessment of the distribution. Congitieraore of the secondary phase will reside in
precipitates larger than the median size, withipietes either larger or smaller than ~5300* nm
representing half of the secondary phase by aféés explains why a cross-hatched pattern of
50 x 100 nm rectangular precipitates appears tthéedominant feature of the backscattered

micrographs, even though they are not strictly fage” in size.

5.2.2 - X-Ray Diffraction

Through the use of XRIp-scans (Fig. 4), it can be confirmed that the twage films
maintain cube-on-cube epitaxy with the MgO (001hsttates. Similar to the films grown at
other temperatures, the presence of all four {1B&}Pd superlattice peaks can only be formed
by the L% ordered phase or by two coexisting, perpendidalgplane variants of Lglwith axes
along the [010] and [100] directions. Reciprocab& Mapping (RSM) [4] about the (204)
fundamental peaks of the §@Pd1 5 films and MgO substrate (Fig. 5) allows for bo#itice
parameters of the film to be determined. A tetregalistortion is observed, with a = 3.850 A
and ¢ = 3.805 A, consistent with all the films sé&adin this thesis and attributed to epitaxial

strain. Using a high-order reflectiosuch as (204), vyields an increased accufacy
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Fig. 4 —XRDg-scans about the Fe-Pd {011} and MgO {022} peakanoFes g2 ds1 5 film grown
at 550°C confirm cube-on-cube epitaxy and are «tast with an LA matrix phase.
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Fig. 5 — Reciprocal space map about the (204) peaks oM$y@ substrate and an gg£Pds1 5
film grown at 550°C, confirming that the fzgPds1 5 film is tetragonally distorted under tensile
strain from epitaxial conformance to the substrafEhe singular and symmetric nature of the
Fess P ds1 5 film peak implies that both film phases have igahtattice parameters.

determination of the film’s lattice parameters.offfrthe single-peak nature of the Fe-Pd (204)
intensity map, with no asymmetric spread and aoressly tight distribution, it can be inferred

that both phases of the system will share identigtlice parameters. Utilizing the known
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superlattice intensities and peak locations of fims, the dominant Pd-rich matrix can be
assigned as a tetragonally distorted phase. The single set of lattice parameters dtin the
phases suggests that the Fe-rich secondary ph#dseewine of four possibilities: amorphous,
disordered FCC, the c-axis oriented variant ofithg or an implausible variant of the 4 phase

with an Fe concentration considerably higher thenetutectoid composition.

5.2.3 — Magnetic Properties

With knowledge that the Pd-rich matrix isdih nature, the perpendicular hysteresis loop
of the 550°C film can be broken speculatively itwo separate parts, each contributed by one of
the phases present (Fig. 6). If the magnetic easy of the L} matrix rests in-plane, the
perpendicular loop will exhibit a linear magnetielation until saturation. Removing this
contribution from the hysteresis loop, the remainafethe magnetic behavior may be attributed

to the Fe-rich secondary phase.
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Fig. 6 —VSM hysteresis loops of a 550°Cs&£ds; 5 film, showing the out-of-plane hysteresis
loop broken into two components: one from the RH-til, matrix which has its magnetic easy
axis in-plane, the second from the Fe-rich FCC sdapny phases exhibiting single domain
magnetic axis rotation. The in-plane hysteresisplamnfirms the L1 matrix phase has a

magnetic axis resting in-plane.
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This second contribution, especially in its initadgnetization behavior, is a close match
to that predicted by the Stoner—Wohlfarth model dararray of single-domain particles with

randomly oriented magnetic axes experiencing magraation (Fig. 7) [5, 6].
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Fig. 7 — Hysteresis loops derived from the Stoner-Wohlfanttdel, where magnetic particles
with an easy axis of magnetization are placed magnetic field oriented at some fixed angle to
the preferential axis. A 9@lifference between the easy axes of the pariacidshe field results
in a linear hysteresis loop, which will be the getidorm of a film with an easy axis laying in-

plane. A random orientation of particle easy awdésresult in the hysteresis curve on the right.

The isotropic distribution of magnetic axes dad@ coercivity in the Fe-rich phase
suggests that it is composed of disordered FCQmmrghous material; thereby excluding the
c-axis variant of the ordered § phase. Both FCC and £ have comparable magnetocrystalline
anisotropies of K ~ -2 x fGergs/cm, where the easy axis of magnetization is much eetian
that of L1 and rests along the <111> directions or their <1fifbjections onto the film [7-9].
The geometry of the Fe-rich precipitates also wamensiderably, with some precipitates

elongating along the <110> directions, and manydpehicker along the c-axis than they are
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wide. The multiplicity of shape and magnetocrystal anisotropies supports the random
distribution of magnetic easy-axes in the prectpifzhase.

The in-plane hysteresis loop of the film confirrhattthe L% matrix has a magnetic easy
axis oriented parallel to the film. FePd films kviveak anisotropy and small film thicknesses
prefer to align in-plane magnetically, transitiogiaut of the plane as the balance between the
magnetostatic energy and the energy contributed fhe uniaxial anisotropy changes with film
thickness [10]. The tetragonally-distorted,ldrdered phase has a relatively weak anisotropy
component out of the plane of the film, compareth®alternating monolayers of theoldhase,
so an in-plane magnetization can be expected forsfisO nm thick. MFM (Fig. 8) was
performed after applying a 1 Tesla field out-offato saturate the film. The measurement
was made at remanence, with the MFM tip magneta#ebf-plane, to confirm the expected

magnetic properties of the two-phase microstructure

Atomic Force Microscopy
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Fig. 8 —Paired atomic force and out-of-plane magnetic éonasicrographs of an BgsPds1 5 film
grown at 550°C showing a nanoscale topography an 16 to 20 nm scale The Fe-rich
secondary phases are magnetized more readily optanfe than the surrounding L inatrix,

which has a magnetic easy axis that resides inglan
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It is observed that the Fe-rich secondary phasé;hwimas clear topography, magnetizes more
freely out-of-plane than the surrounding,lhatrix; confirming that it consists of rotatable
single domains and that the surrounding matrixdmam-plane magnetic easy axis.

Both the L% and Fe-rich secondary phases of the 550°C filmeeg&pce a significant
decrease in their saturation magnetizations, medsas 0.785 and 0.573 per statistical atom,
respectively, compared to the single phasg §Rek; 5 films in the study (~1ig). The decrease
of magnetization in the dominant L inatrix phase can be attributed directly to thes lok Fe
from the eutectoid composition, which is the cdnstit that accounts for most of the magnetic
moment in the alloy [11]. If the composition oktlPd-rich L2 matrix is interpolated linearly
from the loss in magnetic moment compared to dilms in the study, it results in a prediction
that the matrix is between 72 % and 73 % palladivearly the stoichiometric FePdl, phase.
The secondary phase precipitates, with approxirsiaiehiometry of F@Pd, scaling from the
areal fraction, exhibit a very low magnetizatiorspiée their Fe-rich composition. One possible
explanation for this loss is that the precipitabes/e large interfacial areas relative to their
volume, which has been shown to significantly dasesthe expected saturation magnetization in
several other nanoscale films and particles, arattitouted to a number of competing theories
[12]. The Fe-rich nature of the secondary phase @lgo result in a loss of chemical
ennoblement originating from the Pd, making preéaips more vulnerable to oxidation.
Combined with the uncertain degree of crystallindll of these effects further complicate the

magnetic state of the material.

5.2.4 — Composition: Auger Electron Microscopy
Due to its micron-scale interaction volumes, EDX&Id not be utilized to determine the

compositions of the two-phase microstructure. e $ampling depth of Auger microscopy is
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only a few nanometers, and the incident electrommbe&an be focused to less than 10 nm
laterally, high resolution AES was used to detemmine quantitative composition of the two
phases present in a 550°C film [13]. The surfatéhe film was analyzed as received, and
subsequently after 0.5 nm, 2 nm, and 7 nm of naters removed from the sample surface by
Ar sputter etching to reduce ambient carbon comtatiin. The relative ratio of Fe to Pd
remained constant through each sputtering step thedcarbon signature was completely
eliminated past 2 nm of material removal, as welh@st of the oxygen by 7 nm. As seen in
Fig. 9, sputtering to remove contaminants from sh&face greatly improves on the ability to

assess the Pd Auger peaks in the spectrum, wheathapwvith carbon.
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Fig. 9 — Auger spectrums of a 550°C §&ePds1 5 film showing the native film after ambient

exposure, and after 7 nm of ion sputter etchingetoove surface contamination.

Auger compositional analysis shows that the maih&ase of the material is 72.66 at %
Pd with a standard deviation of 1.07 at %, while Ee-rich secondary phase is 40.56 at % Pd
with 5.53 at % standard deviation, both sampled ave 8 regions (Table 1) (Fig. 10) .
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Matrix Precipitates

Fe at% Pd at% Fe at% Pd at%
25.32 74.68 66.11 33.89
27.85 72.15 63.35 36.69
28.75 71.25 63.21 36.79
27.69 72.31 58.97 41.03
28.06 71.94 61.66 38.34
26.65 73.35 58.77 41.23
26.67 73.33 48.97 51.03

n=238 27.72 72.28 54.47 45.53
Average| 27.34 72.66 59.44 40.54

StDev 1.07 1.07 5.53 5.53

5 3 3 3 3 5 S
1
~No ok, WwN Bk

Table 1 —Compositional analysis of selected points in bibth matrix and secondary phase
precipitates of a 550°C kg ds: 5 film. These values indicate an overall,1Be,;Pd;s/FCC-
FesoPdye microstructure for the two-phase films. Greateriation is found in the secondary

phase, which is consistent with its non-contigutatsire.
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Fig. 10 —Auger spectrums of a 550°C &ePds1 5 film taken on a secondary-phase precipitate
(Left) and on the contiguous Pd-rich matrix (Riglaffer 7 nm of material removal. The
compositional differences between the two spectamm®bserved in the changing height of the

peaks attributed to each element. The Fe-richrséaxy phase exhibits a stronger oxygen peak.
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These phase compositions are nearly identical dsetlileduced independently from the
interpolation of magnetic properties, and necetgsttzat the volumetric and areal phase fractions
are nearly equal. The dispersed Fe-rich secondaasep microconstituents have a larger
compositional variation than the contiguous Pd-meatrix phase. This is consistent with the
belief that they precipitated out of the matrix,igthhas given up excess Fe to reach its near
stoichiometric composition.

Auger analysis of the film shows that the-#Rel,; matrix and FePdip secondary phases
have 6 to 7 at % and 20 to 30 at % oxygen cond#msg respectively, after 7 nm of material
had been removed. The preferential oxidation efRb-rich secondary phase is highlighted by

Auger compositional mapping (Fig. 11).

Fig. 11 —Secondary electron micrograph and correspondingasition maps of Pd, Fe & O
from AES at 20kV on a 550°C geP s 5 two-phase film, after 2 nm of material was remoled
ion sputtering to reduce the carbon contaminaninatgre. The compositional maps show

FesoPdspsecondary phases with a high oxygen signature eddaeth an FgPd;3 matrix.
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The oxygen content in the film decreases markedtywben 2 nm and 7 nm of material
removal, suggesting that the oxygen arises froniremwmental exposure and not from diffusion
from the MgO substrate during deposition. Pure Fk&thas a low solubility for oxygen as the
oxygen/metal radii ratio is 0.63, well above th&Xstructural limitation for the octahedral
interstitial sites [14]. For the Fe-rich binaryceadary phases, with an established lattice
parameter in the territory of 3.836 A, the radiiigas just below 0.59 and solubilities on the
order of 20% could theoretically be accommodateg].[1lt is likely, however, that over time
with environmental exposure, the near surface regfdhe FeyPdip secondary phases may have
formed a thin oxide layer which transitions to aterstitial solution away from the free surface.
The film as a whole was confirmed to be depositettisiometrically from the Fg Pk 5 target,
and no other elements were detected with a coratenirlevel above 0.1%. Oxidation is not
expected to significantly impact film topography, rmised FgPdyo features are found directly
post-deposition with minimal exposure to ambientdibons before characterization.

Having both confirmed the LAFe,Pd;3 composition, and eliminated the possibility that
the Fe-rich FgPdi,ophase is Ly ordered, it can be determined that the lattet Isast partially
crystalline. In order to account for the intensity the fundamental (002) film peak, which
cannot be fully contributed from the 4 inatrix (given the superlattice intensity, the nmaxim
fundamental L1 reflection intensity can be determined), the E&-phase must be at least 52 %
FCC in nature. If the extra 2 at % Fe deviatioonfrFePd in the matrix sits on the c-axis
oriented Pd sites, similar to the strain-induced pdrturbation found at higher temperatures
(Chapter 4), the Fe-rich phase could be up to 166&talline. Given the strong {110} faceting

nature of the RgPdi, an assumption will be made that the phase is mmily FCC in behavior.
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5.3 - Origins of the Two-Phase Decomposition

The origination of this unique two-phase microstuue of films deposited at 550°C still
needs to be addressed. Long-range ordering, whthe L1' or L} of the FggsPds; 5 films
has been found to rise with increasing depositemperature. A two-phase microstructure of
the disordered and ordered phases should existra gransitional temperature; with the ordered
phase nucleating from, and growing through, a dies@ad matrix phasef the same composition
In contrast, the Pd-rich nature of the ordereg;Fak; matrix phase implies that this did not
occur, and instead the Fe-richgff,o disordered regions have precipitated out. Thadfil
deposited at 550°C are likely, therefore, to hawetasd growth in a single ordered phase, and at
some point underwent a two-phase decompositiontiegun the microstructure described in
this chapter. Films grown at 500°C, 600°C, and°650ave not experienced this two-phase
decomposition, suggesting that the two-phase deositign is not driven by equilibrium

conditions in the film.

5.3.1 - Argument for a Strain-Induced Transition

One of the largest disparities experienced durirgvth is in the strain conditions of
depositing films. The decrease of film strain witbing deposition temperature is consistent
with the thermally activated formation and glide mofsfit dislocations, possibly 60° mixed
edge/screw dislocations that are well known to lsite in cubic heteroepitaxial thin films. It
is proposed that films at 550°C start growth inmgle ordered phase, likely the perturbed L1' as
found in the 600°C films. In the early stages obvgh it is expected to be energetically
favorable for the film to nucleate in a single phasat is distorted tetragonally by strain. With
increasing film thickness and the start of coaleseegit is possible for the elastic strain enerfjy o

the film to grow faster than the kinetics of thémfiare able to relieve it through misfit
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dislocations. Under these conditions, the stesiergy could become large enough to induce a
phase transformation that lowers the energy osyfs¢em. The decomposition of & FCC +

L1, could therefore be an alternative path to relistrain energy within the film when other
modes of relaxation are insufficient.

Additional films, not included in the temperatureriss, were grown at 550°C on
alternative MTI Corp. and Sigma Aldrich brand Mg@®{) substrates under similar processing
conditions to those used earlier in this study,hwsbme variations in deposition rate and
deposition time. Many of these alternate films avéept from fully coalescing due to the
presence of hydrophilic surface pitting and substiapurities, demonstrating the need of high
guality MgO for epitaxial Fe-Pd film growth. Depng on the brand of substrate, these defects
can be readily observed by SEM (Fig. 12) or AFMy(Ri3 and 14). The unpredictable surface
conditions of these substrates may have inadvéytpravided some insight into the two-phase
behavior, as the films produced exhibit a wide ean§local strain conditions compared to the

much smoother films presented in Chapter 3.

Secondary Electron 3kV X 5.000 — 1 pm

Fig. 12 — Secondary electron micrograph of an as received bfand MgO (001) substrate
directly after removal from packaging, showing rhgimilic pitting and a micro-rough surface.
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Fig. 13 — AFM micrographs of two MTI brand MgO (001) subgtsaremoved from the same
shipment and annealed simultaneously at 1000°C rinoaidizing tube furnace to expose
impurities (white spots). Variations in the impgyrilevels and surface topography of the
supposedly identical substrates highlight the dify of growing truly reproducible films on

anything but the highest quality MgO surfaces.

2.0um

Fig. 14 — AFM micrograph of a Crystec MgO (001) substratethe type used in Chapter 3,
annealed at 1000°C in an oxidizing tube furnace.direct comparison to Fig. 13, the level and

distribution of substrate impurities is markedlyfeient and the surface is much smoother.
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The microstructure of these films provides furteeidence for a strain-induced phase
transition, as the disordered phase can often &e secleating in a fine structure preferentially
along the film edges as well as along steps in tiimckness, believed to be a result of the
inhomogeneous strain concentrations in these regiohhis is particularly clear in one film
which adopted the pattern of a continuous netwdiiky.(15). The Fe-rich precipitates are
topographically raised and exist within the bodytred film, but they are especially prevalent at

steps where film thickness changes and in a fitteqmaalong the film boundary.

o

Secondary Electron 3kV  X50,000 — 100 nm | Backscattered Electron 3kV  X50,000 — 100 nm

Fig. 15 — SEM secondary electron and backscattered electn@rographs of a two-phase
Fess Pds15 film grown at 550°C, highlighting the preferendepoecipitates to be found at areas
of inhomogeneous strain such as thickness stepaland the film edge.
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F y
Backscattered Electron 5kV  X20,000 ———— 1 pm

-’

Secondary Electron 5 k\:; X50,000 — 100 nm | Backscattered Electron SkV  X50,000 — 100 nm

Fig. 16 — SEM secondary electron and backscattered electn@rographs of a two-phase
Fess P15 film grown at 550°C, highlighting the preferendepoecipitates to be found at areas

of inhomogeneous strain such as coalescing voids.

Another film (Fig. 16) that grew more continuouslyer the MgO substrate demonstrates
a mix of precipitates, some of the size and origta found in the temperature series films and
located within generally smooth regions. Therease clusters of the secondary phase clearly
ringing all coalescing, or already coalesced, voidsthe film which will have highly
inhomogeneous strain conditions. The differenaldiraction of precipitates in this film suggests
that the exact composition of the two phases véllshbject to strain and growth conditions in

the film and are not the result of decompositioarnnequilibrium two-phase field.

149 | Ch.5



5.3.2 - Metastable Phase Diagram

The phase diagram surrounding the eutectoid coriposif the Fe-Pd system is not well
understood from a theoretical standpoint. Attemptsnodel the system using Lennard-Jones
type potentials and cluster variation methods hagelted in a close reproduction of the order-
disorder transition temperatures of the Fe-Pd systeut cannot explain the shift of the
congruent composition from equiatomic, which isrilatited to multibody or magnetic
interactions [16]. Phase diagrams that have bedculated from thermodynamic modeling
parameters, and refined to experimental data, dagree fully with the empirical phase diagram
but do offer some insight into the behavior of thePd system. Models from at least two
different groups [17, 18] predict an inflectiontbie Ll + L1, — L1, phase boundary back to
70 to 71 at % Pd at room temperature. This infdecis a known feature of all phase diagrams
with ordered constituents, as thermodynamics Ht dictate that all ordered phases must be
present as stoichiometric line compounds to mirgrentropy; however this inflection in the
phase boundary will generally occur at cryogenmperatures for most material systems.

Using known behaviors of the system, the outlineaafnetastable phase diagram for
Fe-Pd on MgO may be constructed accounting foratbeence of Lg where an FCC + Ll
two-phaseregion extends down to room temperature. The lusegl in this diagram will be
subject to conditions in the film such as stramteifacial energy, and nanoscale size effects, so
they are strictly qualitative in nature. To bebwounding such a diagram, metastable extensions
of the L and L% equilibrium curves can be made, under the umbcélighich each of the two
phases can be considered to be energetically falkeo@mpared to FCC, if not the lowest
energy phase, due to the balance of structuralh@aghetic energies in the un-strained system.

The hybrid-nature L1' phase could be expected neigdly form near the eutectoid, in the region
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encompassed by both theoLdnd L% phases; or by their instability temperatures, Whace
similar enough the difference can be ignored. Rengpthe L1 phase from the diagram due to
strain in the system, ostensibly due to an unfdderanagnetic energy contribution compared
to L1, ordering, but maintaining the general order-disoitansition temperature across the Fe-
rich region; a rough metastable diagram can bemréiig. 17). L1'is a loose designation, as it
encompasses the entire spectrum of ordering betwggand LL. With increasing strain the
L1' region will subsequently shift or disappearitasL1ly component appears to be unfavorable,
leading the Pd-rich boundary of the FCC + L1' radio approach stoichiometric FePdAs a
result, at the Fg 21 s composition the alloy can rest, depending onrstiaian L1' or variable
FCC + L1' region with an extreme value approact@ + LL. It is hypothesized that the
two-phase Li-Fe/Pd;3s/FCC-FgoPd,y microstructure found in this study is produced by

the decomposition of L1'- ggsPds; 5in this type of a two-phase field.
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Fig. 17 —Possible behavior for a metastable phase diagramstrained Fe-Pd on MgO (001).
The hybrid L1' phase is proposed to disappear dft $& Pd-rich compositions with sufficient

strain, yielding an FCC + Litwo-phase region stretching across thed=Rds1 s composition.
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As L1, is known to grow on MgO (001) substrates acrosshmai the excluded region, it
is important to note thed hoc nature of the metastable diagram. The diagransepted
assumes that the films undergoing decompositiore leagun to grow as L1' and have already
partly relaxed before the phase change. If tHexegion has moved the film past the in-plane
lattice parameter of the b1the phase may continue to be excluded as itlikalyto form as a

compressed precipitate.

5.3.3 — Formation and Diffusion

The presence of Fe-rich, disordered,Pess—FesPds FCCcolumns on the 10 nm scale
have been observed to form within ordered equiatdfelPd films in another study [19]. The
presence of these disordered structures was seggestorrespond to the presence of anti-phase
boundaries or other defects, which become a pretiatesite for diffusion and aggregation of Fe
atoms during growth [20]. As the disordered FC@gghshares less symmetry with the parent
L1,, and Fe may experience preferential aggregatiatetects in the Fe-Pd system, the Fe-rich
FCC phase can be expected to precipitate duringtthse transition rather than the ordereg L1

The diffusion behavior of Fe and Pd remains reddyivconstant across all binary alloy
compositions and both species have comparable sjalith Fe being about twice as mobile at
550°C. At FeglPd, near the FgPdi1s eutectoid composition, the Fe atoms have a
self-diffusion coefficient @ re = 0.69 crs® and activation energy @ = 61.8 kcal/mol; while
Do pa= 0.79 criis™ and Qpy = 63.6 kcal/mol [21]. The dominant diffusion tefar the thin film,
however, will be surface diffusion from the interés. For an FCC metal, surface diffusion has a
lower activation energy than the bulk, roughly 0.6 ¢ [22], or can be approximated from
the melting temperature [23], with both methodddye surface diffusion coefficients on the

order of 5.0 x 18" cnfs™? for the Fgg sPdh1.5 depositions. This term is expected to contritiate
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the diffusion flux only over a 0.5 nm surface tmeks at any instance during deposition [24], but

is much larger than the ~1 x 10cnfs® supplied in the bulk. The mean free diffusionhpat

length can be taken as= v2Dt, where D is the diffusion coefficient (which isperature
dependent) and t is time. The mean diffusion lemgtthe lateral film directions due to surface
diffusion is on the order of 200 nm, as opposeth&2 nm available during the deposition time
for bulk diffusion. The microstructure of the tybrase films is on the scale of hundreds of
nanometers, consequently the formation of the eksetwo-phase decomposition is likely to
occur early in the growth process as surface ddfuss necessary. Strain will be high in the
early stages of film growth due to the level oftapial coherence to the substrate, so this is
consistent with the hypothesis of a strain-induweal phase decomposition.

The prominence of surface diffusion in the twagdh film may also explain some of the
film topography, as Fe and Pd adatoms depositedhensurface will experience different
diffusion gradients. During PLD material arrivestiae surface in discrete bursts. The 50 nm
films have approximately 260 atomic monolayers,cd#ed 0.4 monolayers per second over
7200 individual 10 Hz pulses. Fe has a highewdifin rate than Pd, so Fe adatoms from new
material landing on the more prominent,Lfatrix will diffuse along the surface to the
precipitate phase, leaving behind a new Pd-enri¢teedPd;; layer. As Fes s 5is deposited
on the FglPdy precipitates, however, the less mobile excess dfisPoffset partly by the
incoming Fe flux from the surrounding matrix, whiclould result in some degree of mass

accumulation in the Fe-rich precipitates and thise& above the surface of the matrix phase.
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5.4 — Major Findings

Fess P01 sfilms grown at 550°C on MgO (001) substrates hasenbfound in an unique
two-phase microstructure of prismatic, fR,, disordered FCC secondary phases with
10 to 100 nm facets oriented along the <110> satestlirections, embedded within a nearly
stoichiometric ordered LiFe7Pd;; matrix. These secondary phase precipitates exbibgle
domain magnetic axis rotation, while the ordered ixhtrix has a magnetic easy axis aligned
in-plane. This unique two-phase microstructurg@astulated to be induced by the degree of
epitaxial strain in the coalescing film, which thghout this thesis has also been proposed to
drive the absence of bin the films at this composition. A hypothesisHhzeen put forward
to explain the two-phase decomposition, involvingnatastable extension of the FCC +,L1
region of the phase diagram through the eutectmidposition due to epitaxial strain. The effect
of MgO surface quality on the ability to reprodustain conditions in Fe-Pd films is also

highlighted in this chapter.
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6 — Contributions and Suggested Work

Having presented a number of related studies, dhépter will address the collective
impact of the included work and outline a numbeswggested additional experiments for those

wishing to expand upon the previous findings.

6.1 — Contributions to the Field

One significant contribution to the field presehte this dissertation is the discovery and
experimental verification of the L1' hybrid phaseegented in Chapter 4. While introduced
periodically as a possibility for ideal magnetic EGystems between 1938 and 1986, such a
phase existing is not commonly addressed in moliterature and could be considered a largely
unknown prospect at the time of its first experitaéappearance in the Fe-Pd system. During
the calculation of long-range ordering parameterd&s 20, sfilms, initially thought to reside
in the LL phase, it was noted that the ordering parametereeeled not only the maximum
values for non-stoichiometric klbut unity as well. In the absence of indicativdg behavior, it
was the author’s own original proposal that the -stmichiometric Fe in the alloy may be
accommodated differently across Pd sites of theéatexplaining the anomalously high (001)
superlattice peaks. The procedure for determimind quantifying such a perturbation from
guantitative XRD was developed, and the presentleeof1' phase was confirmed. Notation for
discussing such a hybrid structure and the assighaféwo ordering parameters is presented for
the first time, having not been discussed or depetloduring the brief Au-Cu theoretical
proposals. The approximation of instability tengteres for FePd and FePffom first and
second nearest-neighbor interactions is also cilyrabhsent from the publication history of the
alloy and is presented as original work in thissthe
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This thesis presents the first comprehensive stoldyepitaxial film growth at the
Fess P0s1 s eutectoid composition, and more generally for thére Pd-rich region of the Fe-Pd
alloy. While an L3-L1, microstructure, chessboard or otherwise, did ramifast, the behavior
of the alloy to trend to Lisingle-phase dominated behavior shows that theptvese region of
the Fe-Pd diagram is very responsive to processingitions such as strain, explaining the high
degree of experimental uncertainty concerning tpglierium phases of the eutectoid region.
The work presented is also the first expansiveystaid-e-Pd alloy film growth and morphology
on MgO (001) substrates at any composition by PLDparticular, it highlights the role of MgO
(001) surfaces in controlling film morphology foLP at temperatures 600°C.

The two-phase decomposition ofsg¢ds; 5 films grown by PLD at 550°C presents a
new type of behavior for films of ordered systembere strain in the film induces a disordered
phase precipitate from an ordered matrix. In saitgations this could be detrimental to the
desired properties of the film and the findingghis thesis outline how to avoid such unwanted
phenomena if identified by others in the futureowever, with some enterprise, this behavior
may be adopted to other ordered systems in an pittémn create desirable two-phase
microstructures induced by strain during film growtFor example, in the two-phase;&=£d; 5
films presented in Chapter 5, the Fe-rich predieganight be coerced back into an orderegl L1
phase with altered processing conditions such ssgeposition annealing.

In conclusion, two types of ordering phenomena rievthe field are presented and
developed within the work of this thesis, in adtitito filling gaps in the experimental record
concerning both the specific fsePds; s composition and the growth of epitaxial Fe-Pd fiims
via PLD. Both of these new ordering phenomenanatenecessarily specific to Fe-Pd and may

manifest themselves, for better or worse, in oteehnically relevant material systems.
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6.2 — Suggested Future Work

The work presented in this thesis, as per clichiées more questions than it definitively
answers and could have been continued for many ye@es. This section will outline some of
the most obvious experimental expansions, as veefraviding some insights from the point
of experience. Foremost, given the number of ¢yoselated material systems, attempts to
reproduce the ordering phenomena presented ithibsss by growing eutectoid Fe-Pt, Co-Pt, or
Au-Cu thin films would be of distinct interest im @ffort to determine the generality of the new
behaviors. Suggested experiments will focus mareowly on Fe-Pd alloys.

Within the Fe-Pd system, a number of readily aulatble parameters can be expected to
alter the microstructure and phases of epitaxiaisfi Strain conditions within the films have
been attributed to result in much of thesdPds; 5 alloy’s unique behavior on MgO (001). A
study concerning the effect of deposition ratesoth the L1' and two-phase phenomena is a
logical expansion on the original temperature stadythe same P d1 5 target and setup can
be used. Slower deposition rates should resudidwer accumulation of strain energy in the
films, as more time at higher kinetic rates allaw rnisfit dislocations to better relieve mismatch
with the substrate. Another expansion, i.e. reqgilittle experimental change, is studying the
effect of post-deposition annealing ornsd£ds; 5 films. The two-phase films grown at 550°C
could be expected to evolve with further exposwreslevated temperatures, with the Fe-rich
FCC precipitates either growing or expanding, andsipbly even ordering into the §.phase.
Post-deposition annealing may also help determinethver the L1' phase arises from the Snoek
effect or simultaneous A 1, ordering. If driven by simultaneous ordering, tlieé phase may
be held together at room temperature by a low wigiforce for phase separation. Long anneals

could then result in the formation of two orderdthges due to increased diffusion. If instead
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L1' is driven by the Snoek effect, further relagatiof strain in the film during a long anneal
could bring the system to an equilibriumglstructure.

With more effort and cost, additional targets cannlade at neighboring compositions.
With increasing Fe concentrations the degree oftyde ordering is likely to increase. It would
be of great interest to observe the transition fidim dominant to L3 dominant behavior and
whether it is smooth or discontinuous. If posta@fon annealing of kRedPds; 5 provides
fruitful data, a possible low-cost alternative wablle the subsequent deposition of Fe or Pd thin
films after the deposition of kg5 which after a sufficiently long anneal could asia
films of a non-eutectoid stoichiometry. This irdumwes a number of new variables and may
yield more new phenomena rather than addressihgtarsstoichiometry.

Substrate effects also play a large role in sttaimditions and provide another parameter
to explore. The quality of MgO surfaces from diffiet suppliers, and sometimes within
suppliers, varies considerably. As the highestliuaubstrates are not always available
commercially, studies into MgO surface preparatizay help to provide better control of Fe-Pd
thin film morphology and consequentially local straonditions. This may involve trying to
anneal out surface pitting and defects using reghperature furnaces, or holding the substrate at
temperature under vacuum longer before depositibns also possible to condition the MgO
substrate under a low pressure oxidizing atmosptieeetly prior to deposition, as opposed to
an inert gas vacuum, to test the difference instiméace state on film growth. The introduction
of Pt, Pd, Cr, or Au seed layers, as reviewed iapfdr 1, provide other options for study.

Alternate substrates are available, for which Be¥Ray be expected to deposit with cube-
on-cube epitaxy. Strontium titanate has a peroeskrystal structure with a cubic lattice

parameter of a = 3.905 A [1], which is a far bettetch than MgO at a = 4.212 A [1] but costs
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about six times as much. The close lattice maidfels P15 does make it intriguing for small
scale study, however, as strain will be much loamrat should dramatically impact the ordering
phenomena in the films if they are strain-inducedlternatively, lanthanum aluminate has a
perovskite structure with a = 3.790 A [1], so filnwuld be grown for comparison in
compressive strain; opening a whole realm of pdggls. Thermal mismatch reintroduces itself
with the move away from MgO substrates but, asalirexpansion coefficients of both alternate
substrates are not dramatically smaller, shoulldoddly a limited role [1]. Oxidized Si substrates
provide another avenue for study, moving away femitaxial growth altogether.

NaCl has a rock salt structure with a = 5.640 Ada{ FePd is known to grow with cube-
on-cube epitaxy on NaCl substrates, at least infolne of nanoparticles [3]. Using NacCl
introduces experimental complications as it is exgly hydrophilic and needs to be cleaved
under vacuum to produce reliable surfaces [4]filtis can be successfully grown, this same
behavior turns into an asset as NaCl substratedbeatissolved to create free standing films.
There is some possibility that MgO substrates cbeldissolved as well with the aid of chemical
solutions [5]. The creation of freestanding filmf particular interest as they can be observed
readily via HRTEM to confirm their crystallographizehavior at the atomic scale, in the
direction perpendicular to the surface.

While HRTEM cannot be used to directly confirm theesence of an L1' phase, the
preparation of TEM samples would be able to proadditional pertinent information. Notable
areas of interest include the Fe-Pd/MgO interfarkthe type and location of dislocations within
the film. Cross sections of the two-phase filmgvwgr at 550°C would also answer a number of
questions, including direct verification of the FE€-rich phase and observation of the interface

along the {110} facets between the FCC and pfiases in the film. Preparing TEM samples of
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these films is non-trivial, and it is possible tkethniques such as focused ion beam milling may
still introduce defects into cross-sectional sampiat alter the state of ordering. With suffigien
time and finances it would be one of the higheonityr pursuits initiated by the findings in this
thesis.

Moving away from thin film growth, entire thesesutabe written engaging in a detailed
study of the FgsPds1 5 target used for deposition, exposing the bulk iféelnt processing
conditions and annealing. Melting part of the éargnd spinning the material as a ribbon would
allow for the detailed TEM study of the bulk usiognventional electro-polishing, dimpling and
ion milling preparation techniques. Understandafgthe bulk alloy behavior at &Pk
would allow for better insight into the material #hie nanoscale. Alternatively the
Fejs P01 5 target could be deposited at room temperature dhbo TEM grids with thin
amorphous carbon scaffolds. The resulting nanagestior films could be annealed in furnaces

at different temperatures and observed readily By EH\M.
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