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ABSTRACT

Magnetostrictive materialsvill deform underapplication of amagnetic field.
Theycan be deposited onto various substrates for engineering multifunctional materials,
such as integrated micro taators and multiferroric materials In this dissertation
clamping of a magnetostrive material onto a substsatiemonstrated tgive control of
the magnetic anisotropy and spin relaxatitm,serve asa device with tunable spin
relaxation which uses magnetic fieldto change the strain and affect the relaxatidme
purpose of this thesis to use ferromagnetic resonance to investitfaganterface effects
(chemical bondi n @n theimagnetia dniaoctpy praperties and the
magnetic moment relaxahmf Fe.«Ga /ZnSe for differenGa doping

Fe.xGa has beerdeposited on #Se(0@) and ZnSe(110) surfaceshd growth
was epitaxial and the crystal axes are perfectly alighrdularferromagnetic resonance
in the X-band (9.4 GHz) and Qand (34.6 GHzhave been done mampledor a veriety
of Ga concentratiaandthicknesses

The anisotropies for kgGa/ZnSearefound to becomposed of a cubic term, an
in-plane uniaxial term, and the eof-plane uniaxial termThe inplane uniaxial term
changs its magnitude and direction with Ga doping while the cubic anisotropy term
follows the same trend as the bulk materiallhe direction switch of the uniaxial
anisotropyand the field dependea of the uniaxial termndicatel that the uniaxial term
is geneated from anisotropic strain relaxation.
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INTRODUCTION

Motivation

Magnetostrictive materials ara classof smart materials which under the
influence of magnetic fielthey changetheir shape The change of shapm turn affects
the magnetization state which can lead to applicatiossrasors andctuators

Magnetoelastic alloys in the thin film form are of current interest as materials for
thin film magnetostrictive actuatorfl], multiferroric heterostructuresand voltage
controlled spin dynamics

Multiferroric materials are attracting more and more research into the field.
Multiferroric materials are both ferroelectric and ferromagnetic materialse
multiferroric research wadeveloped to some extent in 1960s, but due to the difficulty in
producing such materials, the research was haltee.multiferroric materials today are
mainly ferroelectric and anterromaynetic, but most applications requiaderromagnetic
and ferroeletric material. Another route to this research would be engineera
heterostructure which contains ferromagnetic material and ferroelectric material, so the
structure will behave as a multiferrogomposite In multiferroric materials, we can use
an electric field to control magnetic properties outlined in Figure 1[2], or use the
magnetic properties to control the ferrroelecticapiabtion as shown in Figure.2n
Figure 2, the ferromagnetic material featargemagnetostrictionWhenthe direction of
its magnetic momer is changedthrough the application of an applied figlthe
dimension of the material will change. So the ferroelectric material will change its

polarization.
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Figure 1 Heterostructures that can use electric field to control the magnetic properties of
the thin filmg[2]. Reprinted by permission from Macmillan Publishers Ltd: Nature
Materials, (vol6(1), page 2}, copyright (2007)

o
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Figure 2:Heterostructures that can use magnetic field to control the polarization of
ferroelectric thin film.

For singlecrystal epitaxial thin films, when a magnetoelastic material is deposited
onto nommagnetoelastic material, the application of a magnetic fidlcdgenerate a uni
axial magnetoelastic stress in the pinned film. This stress creates a structural distortion in
the crystal, resulting in an additional field dependent magnetic anisotropy. Having an
applied mechanical stress (including from a piezaetecsubstrate) affecting the
magnetic anisotropy and modifying spin dynamics opens interesting possibilities for

voltage controlled spin dynamics and magnetization reversal.
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Bulk Fe.Alx and Fe..xGa, alloys show large magnetostriction. Because these
alloys are not brittle, they become an interesting materiahfany applications. Bulk
Fe.xGa has been extensively studif®t7]. Fe deposited onto GaAs and ZnSe has also
been extensively studied especially for the uniaxial in plane anisd8ellj. But onlya

few Fe.xGa, thin films have been studied theliterature[12-14].

500 — T T T T T T
8 Fe100-xGax -
400 |- - ,".\ .
TR
- ..' ,/ u ] \‘
@ N e M
o - / : -
~ 300 // %% ” \\\
é // ‘ B . ‘\
= o °® |-
N 200 . \-\ -
(ap] ,/ . \\
’ [ ] )
N J
100 | s .
@
- E
0 \ 1 . 1 . 1 . 1 . 1 A 1 . 1

0 5 10 15 20 25 30 35 40
Gallium content (at.%)

Figure3: (3/2) L100 as a function of Ga concentration for;k@a, [7]. Samples were
annealed and either slow cooled (blue circles) or quenched in water (red s@litre).
kind permission from Springer Science+Business Media: Magnetostriction of Biméry a
Ternary FeGa Alloys, Journal of Materials Sciend® (2007) 9582, E. Summers, T.
Lograsso, and M. Wukogle, figure 1.

Magnetostriction usually is defined using magnetostriction constanvhich
describes the relation between the applied field and the saturation magnetostriction.
Magnetostrictions are anisotropic. Tetragonal magnetostriétignand rhombohedral

magnetostriction constant;;; are normally used to describe a cubic systemg is

defined as theaturationdeformation in the [100] direction when the applied field is also
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in the [100] direction. Same asg, Ai11 IS defined as theaturationdeformation in the
[111] direction when the applied field is also in the [111] dicgc

In the bulk form, the magnetic, elastic, and magnetoelastic propertiesasary
doping concentration. Whenx increases, théetragonalmagnetostriction constant g
for Fe.xGa increases and shows a peak at 19% Ga concentration. idecezasebut
reache another peak at around 27% @aping[3] as shown in Figur&. Contrary to
A100, the rhombohedral magnetostriction constant decreases with doping of Ga into
Fe, and\,;; changes sign when tlebic anisotropy changes sign at 20%. Magnetoelastic
and magnetic anisotropies are related because both of them are the results of electron
spintorbital coupling. Measurements of magnetic anisotropy for bulksGe, using a
vibrating sample magnetomete?3M) [6] show that cubic anisotropy drops when
increasesnd that anisotropy is almost zavbenx reaches 20%.

When magnetoelastic Eg5a; is deposited ontdhe nornrmagnetoelastic ZnSe
substrate there will be a biaxial strain generated at the interface tduthe lattice
mismatch. Because of this biaxial strain (and interface diffusmoaynetic anisotropies
are expected to change. If this biaxial strain Aasnisotropic relaxation imdifferent
directions, additional magnetic anisotropy energyill be g@erated becausethe
magnetoelastic energy contribution will be different in the two directidfieen placed
in magnetic fieldsa field dependent anisotropy energy tewil be generategince
different field strengthwill generate different stregsin the material

Angle dependent ferromagnetic resonance (FMR) can measure anisotropy fields

in full angles and show anisotropy forms and magnitudes explicitly. We have used X
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band (9.4GHz) and @band (34.8GHz) FMR to measure the magnetic anisotropy of
sinde crystal FeGa, thin films deposited ont@nSe(100) and ZnSe(110) surfacEsr
different microwave frequencieshe resonanceccursat very different magnetic fields.
Magnetic field dependent anisotropy can be measured using diffekRt spectra
acquired at different frequencyand comparisons between them will shewe field

dependencef anisotropy constants.

Introduction to the Samples

GaAs andZnSe are semiconductors in cubic zincblende structure. GaAs cleaves
along {110} planes. The lattice netant ofa—Fe (2.866A) is almost half that of GaAs
(5.653A) and ZnSg5.668A) as shown in Figure.4The perfect lattice mismatch es
the epitaxial growth of-Fe on Zincblendel GaAs and ZnSe possible. In 1980s, Prinz
and Krebs reportedhat the high quality single crystal Fe filmbad beengrown
successfullyon semiconductor GaAs, ZnSe, Si, Ge and the insulator MgQ5-18].
Growth studies of 20 nm EgGa films up to x=0.7 on these substrates resultsingle

crystal bcc structures similar to pure [E8].

ZnSe (001) Fe (001) Fe(100)<100>| |ZnSe(100)<100>
fcc bcc
@ ® e -
: i : i ~ T -
1 i - —
E ¢ i e T ¢ I S
: | A A - - -
. : 1 o \b___,_,
,— b ¢ | D
T o
. =2.866A
a,=5.6676A %

Figure4: Lattice parameters of ZnSe(001) surface and BCC Fe(001) surface. Plot on the
right shows thepitaxial growth of Fe(100)<100>||ZnSe(100)<100>.
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Introduction toElastic Energy andvlagneteelasticEnergy

When a material is under stregswill have deformationThe deformation of the
materialcan be described by straif.here are two kinds of strannormal strais and
shear strai® Normal strains are strains that change the dimension of the materdad but
not changethe directiors of the material The normal strain simply repressrthe
fractional change in length of elements parallel toxhg andz axes respectively. For
example thenormal strain in the x direction is defined Equation (1) and shown in

Figureb.

€ =— (1)

X CAX

l L

F N

A 4

——d

Figure5: A schemeshowing the definition of normal strain.

Shear straingsesult in thechangeof the princi@al axes directionsShear strainare
defined in terms of the changes in asdletween axeswhich is shown in guation(2)
and illustrated in Figur®.

6, =3(3+2)

(2)



Figure 8 A scheme showing the definition of shear strain.

When the system is under strain, the energy associated with the change of
dimensions or directionfom its equilibrium positionare called elastic energfor a

cubic system, the elastic energy can be written as:

2 2 2 2 2 2
U = %Cll(exx + eyy + ezz) + % C44 (eyz + ezx + exy) + C:12 (eyyezz + ezzexx + exxeyy)

3
where theC are the elastic stiffness constaaitsl thee are thedirectionalstrainswith e,
e,y ande,; the normal straing,y, e, ande,the shear strain

Some magnetic materiatgenerate a mechanical deformation when placed in a
magnetic field. These kinds of materialare calledmagneteelastic materials. The
deformationarisesfrom spirrorbit coupling. Whera magnetic fieldis goplied, the spin
direction will changeThe change of spin direction withencause the orbital changieie
to spinorbital coupling which causes the crystal to defor@ontrarily, a stress or strain
will change the mferred magnetization directionhiB inverse effect is calletheinverse
joule effect, or stress induced anisotroplie magneteelastic effect and the inverse joule

effect are demonstrated kigure?.
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Figure 7 Magnetostrictive material responses under magnetic field or force. The left
panel showshatthe material undergoes a strain deformation when placed in a magnetic
field. The right panel shows that the magnetic moment will change direction if a strain is
generated in a material.
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Figure8: Coordinate system and angles rimagnetization M.
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The coupling betweenthe magnetization direction andhe mechanical
deformationcan be phenomenologically expressesing the magneteelastic energy
density. Bis the coupling coefficients between the straigsaed the direction of

magnetizatiorgivenby o;;. The magneteelastic energy density in the cubic crystal is:

2 2 2
Eme = Bl(al exx + 0{2 eyy + 053 ezz) + Bz (alazexy + aZOCBeyz + 05366192)()

(4)
whereB; is tetragonal magnetelastic coupling constant,,Bs rhombohedral magneto
elastic coupling constant,and o are the magnetization directionswith
a, =CoSy =sinfdcosp, «, =cos’ =sindsing, and a, =cos. Angles aredefined in
Figure 8

Another magnetostrictive paramefeequentlyused is magnetostriction constant
M. It is defined asA/|, where A" is the saturation strain in magnetic fiels shown in
Figure 9 L1090 is the magnetostriction in the [100] direction when magnetic field is
applied in the [100] directioriv1; is the magnetostriction ithe [111] direction when

magnetic field is also in the [111] direction.

AL

AL

H

Figure 9 Definition of magnetostriction constakt
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Introduction toMagnetic Anisotropy Energy

Magnetic anisotropy energy &n important parameter for magnetic materials.
Magneticanisotropy energy determines how easy it is to flip a magnetic moment from
one direction to another. tetermires how well a magnetic moment can stay in one
direction and how hard it is to change the magnetic mament or i e anbthet i o n
direction. Fo example, in memory devices, once we write information we would like to
keep the moment in one direction until we want to change it. Then the magnetic
anisotropy energy competavith thermal energy to keep the magnetic moment in that
direction.

The diretion, in which the magnetic momeptefersto point without an external
field, is the easyaxis directionand is a minimum in the magnetic enerd@ye direction
which will cost the most external work to make the monpantis the hard axis. In the
hard axis direction, the magnetic energy is the maximum.

The energy surfacean be used to visualizbe magnetic anisotropy forms. The
energy density surface plots the magnetic enefgymagnetic moment poiad in that
direction. For example, FigureOlshows an energy density surface of a-awial
anisotropy. In the [100] direction, the energy surface shows a minimum, which means it
is an easy axis. While in the (100) plane, the energy surface is maximum, which means

the magnetic anisotropy has a hard plane in the (100) plane.
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Figure D: Plot of uniaxial magnetic anisotropy energy density surface.

Physical Origins of Magnetic Anisotropy

The magnetic anisotropy comes from the asymmetry of the mateither
microsmpically or macroscopicallyMicroscopic asymmetrgomes froncrystal fields in
the materialdirectionalchemical bonding®tc Macroscopic asymmetry comes frdhe

shapeof crystal strainin the materiglboundaryof the materiakct

Crystalline Anisdropy Energy Magnetocrystalline anisotropy originates from the

coupling of the spin part of the magnetic moment to the electronic orbital shape and
orientation(spin-orbital coupling) as well as in the chemical bonding of the orbitals on a

given atom withtheir local environmen(crystalline electric field).
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The crystal field is an electric field derived from neighboring atoms in the crystal.
Each atomdés orbital has -orbitals areoften geupedage. For

and b4 orbitals, wiose shapes are shown in Figule 1

dz:.d_‘_‘_}'_"

ez subset

dx}'.- dyz. d}'z

135 subset

Figure 1: Electron distribution shapes for different d orbifai3]

The orbital shapes are distributions déotrons. With these different electron
orbital, atomsinteract with their surroundings differently, and generate different magnetic
anisotropies. For example, with crystal élecfield shaped as in Figure lif the atomic
orbital has zero angular montgthe orbital can take on any orientation with respect to
the crystal no mattewhat the symmetry of the crystal fielurthermore since the
coupling between the direction of the spin and the orbital angular moméenterg the
spin magnetic moment fsee to assume any direction in space dictated by other factors
such as applied field. If the orbital hasion-zeroprojection in the Z direction, which is
<lz>is not zerp they may assume any orientation in a spherically symmetric crystal

field, but only certain orientations will be preferred in crystal fields of lower symmetry.
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Figurel2: Crystal field shapes and atomic orbital shggés.

ShapeViagneticAnisotropy22]: Shapeanisotropy originatefrom theanisotropic

demagnettation field. Demagnetzation field comes from the surface Wwompensated
free poles that emit field lines through the material, this field line will be opposite to the
magnetic field The demagnetizatiofields are proportional to the magnetization and can

be defined as:

B,=—N,M,
B, =-N,M,
Bz :_NZMZ (7)

where Ny, Ny and N, are the demagnetization factors. The components of the internal

magnetic fieldB; in an ellip®id can be written as:

B)i(:B)?_NXMX
i 0

B, =B, -N,M,

Biz:Bg_NzMz

(8)
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where Bs are the fields without demagentic fields. For sphere, thmadmetic factors
are N,=N,=N=4n/3 in cgs unit. For a thin filmin the xy planethe demagnetic field

factorN, is -4m.

Surface Magnetic Anisotropy Surface anisotropy arises from the broken

symmetry of atoms sitting at the surface. In the bulk material, orbital moments can have
3-d distribution. At the surface, electron momenturongponents perpendicular to the
surface have been significantly reduced because electrons have reduced probability of
being found outside the surfacehis will generate orbital momentum perpendicular to
the surface. If the spiarbital interaction is stran the spin moment perpendicular to the

surface will also be increased.

MagnetoElastic Contribution to Anisotropy Energy For a magnetostrictive
material, we inspect the energy terms related to magnetic momert,  + E,, + E ;..
It is shown thathe energy density depends on the magnetization direction, which means
the magnetoelastic term has buiitmagnetic anisotropy energy. If the magnetoelastic
energy contributeto anisotropy energy, the magnetoelastic energy can be written as:

Eue = AK, +AK| +--- 9)

For our thin film system where the thin film is clamped ontoghbstrate as

shown in Figure 3, if there is no strain relaxation aag=eyy~=€||, €,=€q, 84=€y~€,=0,

magnebelastic energy terns written as:
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Ene=Bi(afe, +a;6,+a5¢,)
=B, (afe, + a6, +az¢) + B (e, —¢))
=B, +Ba; (s, —¢) (10)
where oo are the directional cosines of the magnetization along the three coordinate
axes |t should be noted that the first term does not dependhenmagnetization
direction If o is replaced withcog7, the last term will be equivalent to a wajial term
in the z direction, which is an cof-plane uniaxial energy. So the biaxial strain does not

cause the cubic anisotropy to change. But if thairsg, is not equal tae,, anin-plain

uniaxial anisotropy will be generated with axes in the x and y directions.

s =
r 4
% M4
/7 Z | i
AT A= T 7 y
Z '/ I 7/
/ d
’ A

Figure13: Compressive biaxial strain in a system.

For a thin film with a shear straiy, in the x and y directiorand no shear strain
in thez directionas shown in Figure4] the magnetoelatic energy term can be written as:

Eme = BZ (alazgxy + a2a3€yz + alasgxz
=B, (a1a2€xy)
= B,¢,, sindcospsindsing

_ l . -2
= B,¢,, 3Sin@2g)sin” & (1)
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where 6 is equal ton/2 for magnetization in the film planeinggoesto 1. The shear
strain in the film plane results in anphane uniaxial term with axes in the [110] and [1

10] directions.

Figurel4: Shear strain in a system.

Quantify Magnetic Anisotropy Energy

A quantitative measurement of the strength of magneisotopy is the field,
called the anisotropy fieldja, which isthe field needed to saturate the magnetization in
the hard direction. The energy per unit volume needed to saturate a material in a
particular direction is given by a generalizatiorEgjuation (12):
u, = FSH(M)dM(erg/crrF). (12)
As has beemliscussed previousnagnetic anisotropy energy can be represented using a
3-D surface whereeach point on the surface represents the energy needed to move the

magnetic moment to that direction.
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Uniaxial Magnetic Anisotropy Uniaxial anisotropy energy means that there is

only one easy or hard axis direction. It is often expressed as

u, _% = Ksin" @ =K, +K,sin®0+K,sin" 0+
Voo (13)

Kuo is the zero order uniaxial anisotropy addesnot depend on angle, so it has no

contribution for anisotropy energi{,; is the second order uniaxial magnetic anisotropy,

Kul>0 means an easy axis in the0 directionwhile K,;<0 means a hard axis in ti#e0

direction as shown in Figudb. K, is the fourth order uniaxial magnetic anisotropy.

[001]

NS
RN
MR
PR
L

Figure 15: Uniaxial magnetic anisotropy. In the left panel, it is easy axis irfG0#]
direction. In the righpanel, it is hard axis in t{801] direction.

Cobalt hasuniaxial anisotropy with k>0, which means an easy aigsin thec
direction. The denagnetic anisotropy for a thin film is ,40 uniaxial anisotropy. This
means that the axis perpendiculaithe film plane direction is a hard axis and magnetic

moment prefers to align in the film plane, this is the reagoynmost magnetic thin films
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havein-plane magnetic moment. Surface anisotropy usually is normal to the film plane

with K,1>0, causinghe magnetic moment align perpendicular to the film plane.

Cubic Anisotropy Bergy In cubic materials, the magnetic anisotropyalso a

cubic. Cubic anisotropy means that <100> directions have equivalent en€lgies.

anisotropycan be expressed as:
2 2 2 2 2 2 2 .2 2
U, = Ko+ Ki(aga; +ay05 +azop) + K, (g ay05) (14)

Again, the as are the directional cosines of the magnetization along the three coordinate
axes as shown in Figu& For K;>0, the <100> directiois easy axis directiowhile for
K1<0, the <100> directiors thehard axs direction as shown in Figure 1& is a higher
order cubic anisotropy, with 20, the <111> directiois the hardaxis direction while
for K»<0, the <110> directiois the hardaxisdriection

Cubic crystal structures like BCC or FCC normalll have cubicmagnetic
anisotropy. BCC Fe hasubic anisotropy with K0, which means <100> are magnetic
easy directions and <111> are magnetic hard directifdkl] is an intermedta
direction For FCC Ni, whose Kis less than 0, <001> are hard agesl <111> are easy

axes again, the <110> direction are the intermediate direction
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Figure 16. Cubic magnetic anisotropies. In the left pane],i¥ positive. In the right
panel, K is negative.

Ways toDetermineAnisotropyEnergy

For bulk materials, magnetic anisotropy measurements are often made using a
torgue magnetometer, VSM (vibrating sample magnetometer), ferromagnetic resonance,
or Mossbauer spectroscopy.

For magnetic particles, magnetic anisotropy can be derived from ACMS

measurement, which has been described in dst&lamon Resnick23].

Introduction to théBulk Material FeGa,

MagnetostrictiorProperties

BCC Fe has small magnedtiction coefficients The tetragonal eignetostiction
A10o for BCC Feis 20 ppm,and the rhombohedral magnetostrictigm; is 16 ppm. It has
been found that witithe addition of someelements, such as Al, Cr, and Ga, the
magnetostritioni;1; decreases anfl;oo increases. Clark3] first reported the 10 fold

increase oh1g0 iN Fe-Ga alloys. And the saturation field is as low as 150 Oe. Ga and Al
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both have large solubility in Fe and ret®&C like symmetry both in disordered alloy
form and in the ordered Band DQ@ structures, so they are ideal elements to make large
magnetostiction alloys.

For Fa.xGa, magnetostrictionshows a very interesting & concentration
dependen property as shown in Figurg. As Ga concentration increases, tetragonal
magnetostrictiori. oo increases and reacha peak around 19% Gandit decreases but
reache another peak at around 27% G&. The FeaGa.i9 was named Gafenol
(Gallium, Fe and aval ordinance lab). Thexistence of the two agnetostriction
constant peaks halfferent reasons. Accoirg to Kittel [22], A1o5=-31/2(C11-C12). From
Tablel, we see thatincreases as doping of Ga till 24%, angd-G2)/2 suddenly drop
at 24%. Then the first peak @foois attributed to the increase of||np to 19%, and the
secondpeak is attributed to the softening of the shear elastic constant;¢2

happeing at 24% of Ga and exteimg) to 27% Ga.

(en—ep)/2 (3/2)\ 109 b,

(GPa) (X107%) (MJ/m?)
Fe (Ref. 9) 48 30 -29
5.8% Ga 40 79 —6.3
13.2% Ga 28 210 —118
17% Ga 21 311 —13.1
18.7% Ga 19.7 395 —156
24.1% Ga 94 270 —5.1
27.2% Ga 6.8 350 —48

Tablel: Room temperature tetragonal magreltstic constants for EeGa,[3].

Different from A100, the rhombohedral magnetostrictiamn,; decreasesvith the

doping of Ga into Feas shown in Figur&?. A,;; change sign when cubic anisotropy
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changs sign at 20%According to Kittle[22], A111=-b2/3c4. From Table 2, b, changes
sign at 20% Gawhich cause X111 to change sign at 20%. Unlikai, 2100 reachs a

peak at the same Ga concentration, so Clark concluded that an ordering transitio

happened at this concentration.

cy (3/2)A b,
(GPa) (x107%) (MJ/m™)
Fe (Ref 9) 116 —32 74
8.6% Ga 119 —27 6.4
13.2% Ga ~119 —24 5.7
20.88% Ga ~120 42 —10.1
28.63% Ga ~120 61 —14.6

Table 2: Room temperature rhombohedral magektstic constants for £gGa,.
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Figure 17 Rhombohedral magnetostriction constant; as function of Ga concentration
at room temperatui@] Reprinted with permission from Journal of Applied Phy<i&s,

A. E. Clark, Hathaway, K. B., WuRogle, M., Restorff, J. B., Lograsso, T. A., Keppens,
V. M., Petculescu, G., Taylor, R. A., Copyright [2003], American Institute of Physics.
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Crystal Structure

Bulk Fe.xGg alloys underganultiple phases athe growth temperature and Ga
concentration change. Iked24] examined thesquilibria phases othe Fe-Ga binary
system. They prepared the sample using induction melting in an alumina crucible under
argon atmosphere using Fe and Ga. Sasnptre annealed at 110C for 30 mirutes
followed by quencling in ice water. The phases of the samplesre examined by
transmission electron microscopy¥EM), scanning electron microscopysEM) and
energy dispersion spectroscaiDS). Phase stability was examined us@gncentration
Gradient Method(CGM). Transition temperatusefrom orderto disorder,and from
paramagnetito ferromagnetic were investigated usidifferential scanning calorimetric
(DSC) method.Figure B shows the phase diagn of the FeGa systemand Figure 19
shows the structure fdnedifferent phases.

The structure change in the bulk material, has been theoretically investigated to
explain the extraordinary magnetoelastic termBenGa, [26]. The lattice constants of
B2, L1, and DQ were optimized through total energy minimizatiob$; is found to be
the ground state while RQ0s the metastable state and B2 is the unstable state under
tetragonal distortion. The energy of the B2 phase decreased monotonically when the B2
lattice elongated along the z axis. However, for real mateatds)s have a much higher
degree of freedom for random disorder, so it is possible to have thi&eB&ructure
locally in samples as a secondary phase. The calculated magnetic anisotropy energy with

change of lattice strain in tleaxis showed that L,Jand D@ have negative.;oo while B2

has positivé. o0 as shown in Figure 20.
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Figure B: Experimental phase diagram of theriah portion in FeGa systenj24,
25]. Reprinted from Journal of Alloys and Compoung@dy/, O. Ikeda, R. Kainuma, I.
Ohnuma, K. Fukamichi, and Kshida,Phase equilibria and stability of ordered b.c.c.
phases in the Fech portion of the F&a system, p.198Copyright 2002, with
permission from Elsevier
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Figurel9: The crystal structures of AB2, DG;, L1, and DQq for Fe-Gaalloy. Reprinted
with permission from Journal of Applied Physi&Eg R. Wu, 7358, copyright (2002)

The theoretical results show that even though B2 structure is unstablgtilt is

responsible for the large positive magnetostriction in th&&ealloys.When he crystal

structure changed from Lbr D0; to B2, the sign of.100 would change.
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Figure 20: Calculated stravinduced magnetarystalline anisotropy energies of J&a
[26] Reprinted with permission from Journal of Applied Phystds R. Wu, 7358,
copyright (2002)

Lattice Constantd/ersusGaConcentration

Lattice parametem as a function of Ga concentration f&CC FeGa was
determinedoy Borrego[5]. They prepared the sample by-amelting pure Fe and Ga in
an EdmundBuhler high vacuunarcmeltingsystem andisedX-ray diffraction XRD) to
get the lattice constamt They showed thahe lattice constant CC Fe increased as
Ga additionwhich can be seen from FiguBd. The httice constant for FeGa can be
expressed as:

a=0.2869+0.000%/ (nm) (5)
Wherea is the lattice constant, and y is the Ga concentratio®ofjaAdditional weak

peaks due to possible occurrence of D@lering are not observed. This midfetdue to

the fact that Fe and Ga hasienilar scattering factors.
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Figure21: Lattice parametesof theBCC phase of FeGa alloys as a function of Ga
concentration[5] Reprinted from Intermetallic45, .M. Borrego, J.S. Blazquez, C.F.
Conde, A. Conde, S. Roth, Structural ordering and magnetic propertiesréked
FeGa alloysp. 193200, Copyright (2007), with permission from Elsevier.

MagneticProperties

The magnetic properties of #&a alloy hae bean measured for its magnetic
moment,Curie temperature, and magnetic anisotropies. The magnetic momenGd Fe
alloy hasbeen measured using VSM and shayexreamg with the doping of Ga, and
the moment per Falsodecreasedavith thedoping of Ga[5] At low Ga content up to 20

at%, the moment per Fe can be expeesss:
(Hee) = 2.24(3) ~0.0043)y [ua]. 6)

With additional Ga doping, Fe moment dropped quickéyshown in Figur@2. The

sudderdrop of Fe moment suggests a change of straiaodering in the binary alloy.
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Figure22: Composition dependence of average magnetic moment per Fe atomkat 300
for FeGa alloys at different Ga concentratibh Reprinted from Intermetallicg,5, .M.
Borrego, J.S. Blazquez, C.F. Conde, A. Conde, S. Roth, Structural ordering and magnetic
properties of arenelted FeGa alloysp. 193200, Copyrigh (2007), with permission

from Elsevier.

The Qurie temperature ¢Talso droped monotonicallywith Ga contentas shown in
Figure23. Curie temperature drppd from 105K to 700K as the alloywentfrom pure

Fe to 25 aé6 of Ga content.

1100
C
Q@ o A (c)
1000 =
— Q
< 900 —
l_:.'l
800 —
00—~ )
T T T T T T T T T 1
0 a 10 15 20 24

Ga content (at. %)

Figure23: Curietemperaturglc, of FeGa alloys as function of Ga concentrat[6i.
Reprinted from Intermetallic4,5, .M. Borrego, J.S. Blazquez, C.F. Conde, A. Conde, S.
Roth, Structural ordering and magnetic properties chaltted FeGa alloyp. 193200,
Copyright (2007), with permission from Elsevier.
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Magnetic anisotropy obulk FeGa alloys has been measured usuigrating

sample magnetomet)y SM) [6]. The anisotropy energy &purely cubic term and there
is no uniaxial energy shamg up in the bulk F&Ga materials. The cubic magnetic
anisotropy K increased with doping of Gaubwasimmediately followed by a decrease
and K decreasedo zero at around 20% Ga doping. Therossinganisotropy at 20%
means that there is no directional preference for the magnetic moment in the material and
all the directions become magnetically equivalent. In the VSM measurements, the
magnetizatiorversusfield curves for <110> and <111> directioage identical They
attributed these to the Kterm as defined ea#dr. The K and K values are Iptted in
Figure24 and Figure25, respectively
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Figure 24: K; versus Ga concentration for k&4a.[6] Reprinted with permission from
Journal of Applied Physic8b, S. Rafique, J. R. Cullen, M. Wuttig, and J. Cui, Copyright
[2004], American Institute of Physics.
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Figure 25: K, versus Ga concentration for x&a.[6] Reprinted with permission from
Journal of Applied Physic85, S. Rafique, J. R. Cullen, M. Wuttignd J. Cui, Copyright
[2004], American Institute of Physics.

GaAsandZnSeSubstrateCharaceristics

GaAs is a widely used semiconductor secomtly to Si. GaAs and ZnSe are

semiconductordoth in the cubic zincblende structure, which can be thougfhas an

FCClattice of G&Zn with another=CC lattice of AgSedisplaced by\/§ /4 of the lattice
constant in the [111] directiofseeFigure 26). The lattice constant of GaAs is 5.683

and the lattice constant of ZnSe is 5.689 GaAs is often calleda group IV
semiconductor, because Ga has 3 valence electrons and Arsenic has 5 valence electrons.
The GaAs bonding is mostly covalent and partly ionic, because the electronegativites are
smaller for metal G&1.81)than na-metal As(2.18. ZnSeis often calleda group [}FVI

semiconductqgrbecause Zn has 2 valence electrons and Se has 6 valence electrons. It is
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an intrinsic semiconductor with a band gap of 2Y0at 25°C. The electronegativitesa

1.65 for Zn and 2.55 for S¢éhe electonegativity for Fe is 1.8).

Figure 26 Zinc blend Structure of GaAs or ZnSPBifferent colors represent different
atomic types (Ga/Zn) or (As/Se).

GaAs cleaves along {110} planes and the cleavage plane corgairequal
number of Ga and As atoms. Eachiface atom has three nearest neighbors leaving one
unpaired electron bond. No surface reconstruction on the surface has been observed. The
surface terminationonsists oplanar zigzag chains of alternating cations and anitmes.
surface structure of tH@&10) plane is shown in the right paneFijure 27.

In contrast to (110) planes, the (100) planes are occupied with only one kind of
atom, either cations or aniortermedGarich or Asrich substrates. The surface atoms
have two dangling bondsin either [110] or the [1-10] direction, depending on
termination. The dangling bonds on Ga terminated (100) surfaces lie in-1@¢ plane
while on As terminated surfaces they lie in the (110) pl&he.surface structure of (100)

is shown in the left paheof Figure 27.The surface undergoes wwide range of
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reconstructions which involve significant surface atom rearrangement and modification

of surface periodicity.
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Figure27: Surface terminations of Zirtdend structureThe left panekhows the surface
termination of Q01) surface. The ble atoms can be either Ga or AfieTblue wings
represent the bonding directiorihe right paneshows the surface termination of (110)
surface.The (110) surface consists of two kisdf atoms,which are rgpresented by blue
and yellow.

Tomiya[27] used AFMandTEM to investigate the surface morphology of ZnSe
related VI films grown by MBE. He found that the Se terminatesirfacehad full
coverage and vg (2x1) reconstructed while Zn terminatedrface only had half
coverage and was(2x2) reconstructed. Under groupnh rich conditions with c(2x2)
surface reconstruction, the process of roughening gives rise to periodic elongated
corrugations aligned in the {10] direction. While under group V&erich conditions
with (2x1) surface reconstruction, rounded graanspresent at the surfagastead of

corrugded structures. The surface morphology is dependent on the VI/Il ratio and growth

temperature, but is independent of the film straja7].
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Literature Reviewof Fe.,Ga, Grown on ZnSe and GaAs

In previoussections,we have reviewed the properties of bulk f&a, andthe
properties ofsubstratessaAs and ZnSe. In this sectidnwill review the properties of
Fe.xGa epitaxialy grown on ZnSe and GaAs substebeginning with the epitaxial

growth of pure Fe.

Fe/GaAs(100)

This reviewaboutFe/GaAsQ01) follows the review paper written by Ve#tbauer

G. and Bland, J. A. (8].

Growth Roperties On Garich surfaces, Sano amdiyagama[28] used RHEED

to investigatestructure change for Fe deposited sputter annealed GaAs(0gq#)x6).

The RHEED signal decreased rapidly for the first monolayer of Fe and the low intensity
remained till thickness reached 4ML, after which, the intensity increased and by 5.5 ML,
the RHEED regained its intensity. They attriiitbese to thenitial cluster brmation
followed byclusters coalkcenceandsubsequeniayerby layer growth.

Monchesky [29] found that up to 2ML Fe, the RHEED pattern showed
coexisenceof Fe and GaAs pattesnZolfl [30] and Brockmar{31] found coalescence
between ML and 4 ML,which isfollowed by quasiayer-by-layer growth after /L.

Bensch[32] found that RHEED pattern for GaAs disappeared afteML®f Fe
but a clear Fe pattern appeared only aftéeagt 2ML of Fe. Their data also shadthat
ferromagnetic order and madmeanisotropy set in at 2.5 MLThey concludd with

amorphougrowthin the beginningfollowed by a crystalline growth around 2V8..
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The abovecomments suggestetat the growth of Fe on Ga rich GaAs surfaces
proceededia nucleation of 3D islandsndfollowed by quasiayerby-layer growth.

On Asrich surfaces, KneedlgB3, 34] reportedthat the growth proceed with
nucleation of 2D island followed by layby-layer growth. The reason for the 3D cluster
growth on the Ga rich surface and 2D growth on theiéts surface was attributed to the
bonding energy between f&&a and FeAs. Fe prefes to bond to As over Gatom|[35,

36].

Atom Outdiffusion and Interfacenterdiffusion Sano and Miyagawa[37]

measuredAs and Gaatomic Auger emission spectsropyAES) intensities for different
Fe film thickness and substrate temperature. Fig@8rehows the results. They found that
both Ga and As diffusk out of the substrateat high temperatures (>500°@nd
segregate into the film but only As outdiffuses at lower temperaturédonchesky[29]
and Schults[38] suggested a 0.7BIL and 0.7 ML of As segregan to the surface
regardless of surface reconstruction and growth temperature. Theoretical study by Mirbt
[36] suggested that As has a stronger chemical driving force to outdiffusion than Ga.

At the interface, the structure is Fe/reacted layer/ GaAs. The reacted layer has the
form of FeGa.Asx [39-41]. FeGa.xAsc is ferromagnetic while FRAs is

antiferromagnetic.
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Fe (nm)

Figure 28. AES signal intensitie®f As(a) and Ga(b) as a function of Fe film
thickness and GaAs substrate temperd@irg Reproduction from Jpn. J. Appl.
Phys.,30, 1343, 1991, Sano, K. and T. Miyagawa, Surface Segregations During
Epitaxial Growth of Fe/Au Multilayers on GaAs(001)

Magnetic Properties For bulk Fein the BCC structure[8, 21], the Curie

temperature is 104K, andthe saturation magnetization at room temperature is 1707
emu/cni. Magnetic moment per Fe atom is 2,22 Magnetic arsotropy isin the cubic
form and the magnetic anisotropy constKatis 4.81x16 erg/cn?, and K, is 1.2x16
ergcm’. The K; term dominates with <100> the easy axes and <111> the hard axes
When Fe is deposited onto GaAs at low temperature, Fe takes the f&@GCof
o—Fe but the properties changempaed with the bulk a—Fe Jantz[16] first reported
the magnetic anisotropies of Fe/GaAs(100) via FMR measurement and showed that an in
plane uniaxial anisotropy presedtin these samples. Krebd0] studied different
thicknessof Fe films and found that all of the thin filmsdfi110] as hard axis for the

uniaxal term.
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The magnetization of Fe/GaAs could change due to the interdiffusion and
outdiffusion. Theory suggests that interface layer of Ga or As redednterfacialFe
moment35, 36] But experiments showed that the Fe moment of these thinislmgk
like [30, 32, 42]or shovs little reduced momerj#3, 44}
The magnetic anisotropies of Fe/GaAs are also largely affected by the interface.

The anisotropy can be separated into a surface term and a volume term.

K = K+ (K + K [t can be used to fit for the thicks datawhere t is

the thickness of the filmA volume contribution and interface contribution can be
extracted out. The cubic anisotropy decreases significantly for reduced film thickness.
The volume contribution of cubic anisotropy'R of 4x1@ erg/cntis about the same as
bulk a-Fe. The interface contribution;® is about-4x10? erglen?. The two terms are in
the opposite sigwhich means that the hard and easy axes rotate 45° from the interface to
the bulk[29, 31, 45]

The uniaxial anisotropy term has been reported as a purely interfacastigi'
is almostzero. This uniaxial tem does not depend on surface reconstructiorihe
termination of the surface. The easy axis is always parallel to {#i€fher the growth
started on a Ga rich aan As rich surface[8]. The origin of the uniaxial Hplane
anisotropyremains in ddpute The mechanism for the uniaxial term could be the surface
bonding direction$46]. On the surface, the F&s bonding dominates artle directional
bondingcreates an easgxis in the [110] direction. Mirlf86] pointed out that because of

this directional bonding, the 4plane strain along [110] is different fro [-110]
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(contractian larger alond110] than[-110]). The strain difference creat@n anisotropic

magnetoelastic term and contribdite the uniaxial anisotropy.

Fe/ZnSe(100)

The growth of Fe/ZnSe has several advantages over Fe/GaAs substrate:

1. Theepitaxial growthcould happen at lower temperature for Fe/ZnSe while higher
temperature is needed for epitaxial growth of Fe/GaAs. The low temperature
growth will generate a sharp interface for Fe/ZnSe

2. Spin relaxation time in ZnSe is very long. Theomticalculations show that
Fe/ZnSe/Festructure presents a very large spin polarization of conduction
electrons and a large tunneling magnetoresistance due to the higher tunneling
probability of the majority electron of Fe through ZnSe.

3. No reduction of Fe mignetic moment is observed even for the first Fe monolayer

grown at room temperature.

Atom Outdiffusion andinterface hterdiffusion Mosca[47] et al. did annealing

on Fe/ZnSe surface to investigate the stability of the interfdesr TEM image shoed
that Fe/ZnSe/GaAs has very sharp interfadéhe Xray photoemission spectroscopy
(XPS) data shoedthat for annealing below 39, the surface remains unchangetleT
Fe state did not change and the residual ZnSe on the surfappehsed as annealing
temperaturewent up. As annealingvent beyond 400°C, the Fe core level spectra
changed and on the surface, the Zn aedignal showd up again and beo@e stronger
as temperaturacreasedThis indicates that ZnSe epilayer migsato the surface of the

Fe film. The intensity of Se signal is mulgrgerthan Zn signalwhich indicates that Se
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likes to float on top of Fe. The -gsepared saple did not show any Ga signalsA

annealingemperaturaventup to 400°C, the Ga signal agaed

Growth Mode andvlagneticProperties The lattice mismatch between ZnSe and

GaAsis small, so ZnSe can grow epitaxyabn GaAs and Fe can also gr@pitaxialy

on ZnSeFe grown on ZnSe has been shown to have a layer by layer growth &€ 175
while the growth on GaAs showeelBgrowth modeThe Fe/ZnSe interface is less active
than Fe/GaA$18]. The irterface properties made ZnSe a mpremisingsubstrate than
GaAs. The magnetic moment in the above growth showed reduction, but the reduction is
smaller for similar layer thickness than Fe/G423] .

The growth temperature controls the growth mode for Fe/ZnSe. At low growth
temperature, like room temperature, the growth mode is 3D clugterg ML, the
clusters coalesce and form a flat surface. The magnetic moment does not show reduction
and Se atom segregatiappearson top ofthe Fe thin film[48]. For growth temperature
of 180°C, the growthwas toward3D clusters for the first 5 Mlandthencoalescd. The
coalescencavas completecat 7 ML andwas followed by layefby-layer growth. N
magnetic reductionvas foundat te interface. Photoemission study stemithat FeSe
bonding formed on the interface and f@&atedon top of Fe. About 1.5 ML of Zn goes
into Fe and occupies the Fe 44®]. The magnetic moment showed increase for the first
2 ML of growth[50]. For growth temperature of 43Q the growth modevas3D for the
first 8 ML and wasthenfollowed by layer-by-layer growth. The magtie moment did

not showanyreduction, but therevas a paramagnetierromagnetic transition during the
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film growth. For Fe below 8 ML, it was shown to be superparamagnetic and above 8 ML,

ferromagnetid=eformedwith poorcrystalline quality{51].

Cubic Anisotropy During the early growth of Fe/ZnSe, no cubic anisotroag

observedfor the first 2ML [50]. For thicker films, the cubic anisotropy of Fe/ZnSe
shown to have easyxes inthe <100> directions The volume contribution has been
found tobe4.5x1C erg/cnt [11, 52] (Reigef48] found it is6.3x10 erg/cn?). Krebs[10]
foundthatthe cubic anisotropy field 8.3kOe, and the ZnSe interface has a contribution

of -5.6x1CF ergkm?®, or -2.8x10 ergknr.

Uniaxial Anisotropy A uniaxial anisotropys also present in the Fe/ZnSe growth.

The easyaxis is in [110] direction andhat hardaxis is in the [1:10] direction. The
contribution of the uniaxial term comes from the purely interfamaponentThe values
of the uniaxial term are found to be 3.25%&rg/cnf [11], or 5.9x1C erg/cnf [48], or

0.02kOe[10].

Fe/GaAs(110)

Fe can also bepitaxial grownon the GaAs(110) surfac&he growth method is

similar to the growth on the GaAs(100) surface.

Atom Qutdiffusion and Interface InterdiffusiorRuckman[53] used synchrotron

radiation photoemissiorto analyze room temperature gribwinterface of Fe on
GaAs(110) surfaces. Their results sleothat the substrate was disrupted with Fe, Ga
ard As atomic intermixing. Below the deposition afout3 A, therewere significant

amounts of Ga and As. For Fe and As, theegetwo kinds of bondings, thénin film
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region and dilute Fés phase persisting high coverage. Fe metal startedorm at 3,
and Aswas always present in the film. Ga seetnto betrapped near the original

interface.

Strain on therterface Syed[54] showed that Fe/GaAs(110) film grown by MBE

at temperature of 178 and 20A/min hada mosaic structure originating at the interface
The xray diffraction6-20 scan showd that the lattice constant resumed the buike
valueafter 1um while for thin films, the espacing constant is lower than the bulk which
is unexpected for Fe epitadiglgrownn on GaAs with a compressive strain. Pribb]
showed that for the growth temperature of 1Z5the growth modevas3D at first and
then coalesakat 2550 A. The FMR result§15, 56]showed that the Fe/GaAs(110) has a
uniaxial in plane anisotropy and tleasy axis of the uniaxial anisotropy changed from
[110] to [001] as the thickneggewfrom 50A to 200A.

Haugan[57] used atmospheric pressure matajanic chemical vapor deposition
to grow Fe/GaAs(110) film at different substrate temperaturefandd that Fe films can
grow sngle crystal between substrate temperature of 20id 330 €. Amorphous
films were observed at substrate temperature below €0@nt it was not possible to
grow films when substrate temperature is above ¥30xray diffraction6 - 20 scans
showed that for Fe films grown with substrate temperature between 20énél 300 C,
the dspacing lattice constant is 2.023 + 0.003 A, regardless of film thickness, close to
bulk a-Fe of 2.0265 A within experimental errors. While for a 144 A Fe film grown at

substate temperature of 330C; the dspacing lattice constant is 2.034, which is
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expanded compared with bulikFe. The expanding of Fe film indicates that there is a
biaxial strain in the film. For a thicker film at 300 A, the biaxial strain was still obderve

Ding [58] used rfmagnetron sputtering to grow films fm5 nm to 164 nm. X
ray diffraction and FMR were used to characterize these filmsayXdiffraction was
conductedor our-of-plane direction using glancing angle in theplane direction. XRD
data showed that for thin Fe films there is arplene expansion and eaf-plane
contraction, which means that the thin Fe films have a tensile stress instead of a
compressie stress as expected from lattice mismatch. When thickness reaches 164 A, the
lattice distortion disappeared but the lattice constant is about 0.2% bigger than bulk Fe,
which might be caused by Ar atom incorporatduring sputtering. The strain versus

thickness relaxation is shown in Figure 29.
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Figure 29: Strain for different Fe film thicknes$§58] Reprinted with permission from
Journal of Applied Physic€93, 6674 Y. Ding, C. J. Alexander, and T. J. Klemmer
Copyright [20@], American Institute of Physics.
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Cubic and Uniaxial MgneticProperties Hollinger [59] used room temperature

growth of Fe on GaAs(110) and observed a 3D growth modeeirbéiginning and a
coalescaceat 4 ML. The anisotropy easgxis goes from-[L10] to [001] as thickness
goes from 4ML to 64 ML. Thickness dependent data showtedt K,"*' = 3.6x10
erg/cnt and K™ = - 3.9x10% ergen?®, or K" = 2.7x18 erg/cnt and K™ = - 14.1x107
erg/cnf.

Madami[60], ushgin situ brillouin light scatteringmeasured the anisotropies of
Fe on GaAs(110) during growth. The results showed anaasyswitch from [110] to
[001] as thickneswentfrom 20A to 120A. The fitted data shoadthat the uniaxial term
changed signwhen the thickneswent from 40 A to 100A. Then the filmwas capped
with Cuwhich stronglyaffeciedtheanisotropy of the thi<10A) films.

Gester[61] used sputter anneal method to grow films at €58Ad didin situ
study of magnetic anisotropie$heir results showed that the easys of the uniaxial
term changed sign as thickness chanddée easyaxis changed from [110] direction to
[100] direction as thickness gve

Winking [62] suggested using two step process to grow Fe films on GaAs(110) to
improve the interface qualityn ktheir experimentthey used growth temperature of K30
andthen step annealed to room temperature. Their LEED pishoeedthat the growth
was layer-by-layer. There was no magnetic hysteresis showg up below 2ML of
deposition andhe ferromagnesim showed up at 3.5ML deposition. The easgxis
switched at ML thickness from [001] to [1104&s thicknessventfrom 3.5 ML to 5 ML

In Ding[58]6 s r e $seamisotrdpies for films rangirfgom 5nm to 164nm

show that the uniaxial tersrare all favoring the [001] directiomndthe value decreases
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with thickness except for the 8fn sample. For Bm sample, the M value is 960e
and the value decreases to 47/0@ when thickness reaches 16#. The cubic
anisotropy gets close to bulk value when the sample thickness reachas 184210e)

When thickness is low, the; MM value is 18%e.

Uniaxial Term Review

The review for the uniaxial term for Fe/GaAs(100) or Fe/ZnSe(106j)ffisult
due toa vast amount of literature to read and the mislabeling of (110) aid)(1
directions inthe literature.The existence othe uniaxial terms becauseither interface
bonding changes the electronic structure or anisotropic strain gestbeatiniaxial term

The papershatclaimed that the directional interface bondaorgated the uniaxial
terms are listed as below.

Sjostedt[46] proposedthe theorythat interface bonding chandeelectronic
structures and produced the uniaxial term.

McPhail [63] comparedthe uniaxial term for Fe/GaAs(100that hasa smaller
strainwith Fe/InAs(100) which hasa bigger strain. He found th&he uniaxial term for
Fe/GaAs is bigger than Fe/InAs even though the stsasmaller The authortherefore
claimedthat the uniaxial term is not caused by strain.

Lu [64] measuredhe magnetic anisotropy fdte/GaAs{00) and conclude that
the [1-10] direction isthe hard axis for uniaxial term. The paper did anneadftgr
growth After annealing, perpendicular lattice dinsem relaxed while the hplane
uniaxial term did not change much, so the uniaxial term d¢abaocaused by strain

relaxation
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Morley [65] deposited FelGa sing2As(001) to comparevith Fe/GaAsQ0l1). Fe
and Gaslnp2As(001) hae the same lattice constants 8wy should not have anisotropic
lattice relaxation problem, but uniaxial term still preseandis almost the same with
Fe/GaAs(Q0l). So, uniaxial term could not come fromtiee strain but from F&s bonds
that distoredthe BCC cell in the [110] and [410] directions.

Brockmann[31] showed that the uniaxial term dr Fe/GaAs)01), [110] is the
easyaxis direction while [110] is the hard direction. Uniaxial term is purely an interface
term.

Moosbuhler[45] showed that for Fe/GaA3(Ql), easyaxis is always in the [110]
direction, and surface reconstruction does not affect the uniaxial anisotropy.

Gustavssoiill] showed thator Fe/ZnSeQ01), the uniaxialterm haq110] asthe
easydirection and[-110] asthe harddirection His results showed that cubic interface
anisotropyK,"¥"¢is -5.6*10%rg/cnf, and the volume uniaxial contributionK " is
zero. The interface uniaxial contributidf,**"*®is 3.2*10%rg/cnf. RHEED pattern
showedanisotropic latticeelaxationin [110] and[1-10] directions below 13..

Zakeri[66] used FMR to mease anistropy for Fe/GaA(01). For the uniaxial
term, he determined thatl10] is the easy axis while {10] is the hard axisStrain
relaxation can explain uniaxial term thadsmaller value

Papers that claimed that the uniaxial magnetic anisotropy is due to the anisotropi
relaxations are listed as below.

Mi r bt Oescal taltuidation[36] showed that when Fe is deposited on GaAs,
lattice expanddin [-110],andshrank in [110] due to the different F&s bonding energy

and FeGa bonding energy.
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Gordon[67] did XAFS on Fe/GaAs(001).he resultsshowed that the Féattice
expaned in F110] direction and slrk in the [110] directionand thatthe distortation
was afactor of 3 smaller thawhattheory prediatd[36]

Thibado[68] used STM to investigate the interfaceFa/GaAs(001)The results
showedthat Feislands elongated alorjgl10] direction(As dimer row) f@ the first 50A
film growth. That is because Fe&s bond is strongewhich resulted irFe nucleaton on
surface As site.

Aktas [69] deposited Fe films on GaA¥fl) and Au(00l). Fe/GaAs(001)
produces a compressive strain in the Fe film and1t+d)] direction ishard Fe/Au001)
produces aensile strainn the Fe film and th¢l-10] direction iseasy.He also found a
linear temperature dependence tbé magnetic anisotropywhich suggests uniaxial
anisotropy is magnetoelastic effect and changed by thermal expansion.

Zuberek[70, 71]grew Si/Fe/GaAs and Ge/Fe/GaAgucturesHe used-MR and
strain modulated FMRSMFMR) to measure magnetic anisotropy and magresoel
constantsHis results showed th&1 for Ge/Fe/GaAs is large. B1 and B2 changed sign
as thickness changes.

Schultz[38] used Rutherford backscatteringray diffraction and TEM to find
Fe/GaAs surface charaasdics before and after 450C annealing. Afte annealing,
surface forned FeAs and FeGa (D0s). The dffusion rate of Fe in the reacted interface
was found to be of similar magnitude to that of Ga and As

Jameg[72] characterized~e/GaAs(001)nterface. He showed that theterface
not only mised Fe columns, but also dagartial occupancy of the remaining columns.

There were laout half the Fe missing in the partially occupied columns.
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Thomas [73] investigated thickness dependence of the uniaxial magnetic
anisotropy and the strain relaxatifox Fe/GaAs(001). H found that when the Fe film is
less than 1.5 nrthick, the[110] direction is easy. While as thicknaasreasesd 13 nm,
the [1-10] direction becomes theasy direction Compamg the results with the
anisotropic &ain observation he concludd that the interface generated a uniaxial term
in the [110] direction while the anisotropic strain relaxation caused tlyedgastion to
be in the {110] direction The twotermscompete with each other andausedhe easy
axis toswitchfor different thickness

Xu [74] depositedFe/InAs(001) whichproducel a tensile strainn the Fe film.
RHEED patternshowed thatanisotropic strain relaxation and thickness range of uniaxial
lattice relaxationwere in perfect agreement with the uniaxial magnetic anisotropy
thickness depermahce

Xu [75] compar@ Fe/InAs(001) which has tensile strain with Fe/GaAs(001)
which has compress strain.[011] is the easyaxis for Fe/InAs(001)while [011] isthe
hard axis for Fe/GaAs(001). Strain in AeAs(001) relaxed much faster in the-10]
direction, butto explainthe uniaxial term using magnetoelastic theory,rgéed to have
opposite sign of bulk Fe.

Cuenyaand Roldan [76] deposited Fe thin films ofa terminatedsaAs(001)
surface Mossbauer shogd V22 might come froma preferred nostubic atomic
environment of Ga atoms around e atom in the intermixed interfacial region.

Tournerie [77] deposited Fe/AlidngsAs(001). He showed that thfl10]

directionis the easy axis for the uniaxial part.
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Zhai [78] depositedFe/GaAs(100) He showed thaK, is easy in the [10]
direction.
Bensch[79] depositedFe/GaAs(001) He showed thakK, is easy in the [110]

direction.
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FERROMAGNETIC RESONANCE SPECTROSCOPY

Ferromagnetic resonance spectroscopy (FM&)a fom of electron spin
resonance(EPR) spectroscopyat microwave frequencies It is called ferromagnetic
resonancéecause the materiais be studiedire ferromagetic materialsFMR is a very
important technique for chasterizing magnetic thin films. First, we cateterminethe
magnetic film quality from linewidths, resonance lineshititc. cond,the resonance

field shifts reveamagneticgproperties like magnetic moment amégnetic anistropies

Introduction to EPR

In an electron spimesonancaneasurement, the resonarmecurs forunpaired
electrons in the materialft.is based upon the Zeeman effeotwhich the electron spin

moment pug energy levelssplit in the presence of a magnetic fieltcording to

u

a : . : :
E=—u;-H, wherepg is the magnetic moment for the electron and H is the magnetic

field. The energy splitting will be biggerith the increase othe magnetic field.The
Zeeman effect allows a growsthte electron to absorb a photon with energy equal to the
splitting between thaup and downenergy statesSo with a microwave at a fixed
frequencyv, the photon eergy ishv. In most FMR measurements, the frequencyxedi
and the applied field is variedt the resonancdield where photon energy is equal to the
Zeemarsplitting energy,photon can be absorhetihe electron spin resonance process is
plotted in Figure30.

In a magnetic material, magnetic anisotropy (Wketmagnetocrystalline, shape,

or stresdnduced)act as aneffective internal field on the unpaired electron, so this
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electron will experience the internal field from the matepiis the external applied
field. With the same microwave frequengytherequired external magneti@ld (He9

to have resonanaeill be smaller due to the internal field contribution.

Energy

Magnetic field H

Figure30: Zeeman splitting and electron spin resonance process.

The electron spin experiences a torque when placed in a magneticThiedd.

torque will cause the spin to mess along the magnetic field. The precession frequency
of the spin isv, = guzH /h. When the precession frequency is equal to the microwave

frequency, the spin will absorb the microwave energy. With ansiotinternal field, the
external field needed to generate the same precession frequency will be smaller. So when
the sample is rotated, because of the anisotropic internal theldesonance field will
shift. From the shift of the resonance figlde synmetry,magnitude and direction de

anisotropy field can be obtainethe details of EPR theory can toeind elsewherd80]
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ElectronSpin Resonance in Ferromagneti@aMrials (FMR)

FMR in principle is similar tcEPR. The only difference is the working materials.
In FMR, we work with ferromagnetic materials, where electron magnetic moments are
strongly coupledo each otheso thetransitiondoesnot happen to individual spsribut to
magnons (ganta ofspin wave).

The linewidth of FMR can tell the quality of film and relaxation time. The shifts
in angular dependent resonance field can tell the magnetic anisotropy energy form and

magnitude.

Resonancé&heory

In ferromagnetic materials, magnetic moments are strongly coupled and have
preferred directionln equilibrium,a magnetic moment will point in the direction of the
minimum energy surface. If the magnetic momemedurbedrom its equilibrium point,
it will experience a torque. The torqudliwnake the magnetic moment ess around its
energy minimumwith a frequency proportional to the second derivative of energy
surface. If a microwavet the same frequency as the gassing frequency of the
magneticmoment is appliedthe magnetic moment W absorb the microwav@hoton
This iscalledresonance absorption. In materials where there is anisotropic energy for the
magnetic momet in different directions, thenagnetic moment will have a natural
preessionfrequency along the easis as iftherewerean equivalent magnetic field in
the easyaxis direction.

Applying a magnetic field to the material, magnetostatic energy will superimpose

on anisotropy energy and tiie magnetic field is large, it will tentb create an energy
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minimum in the direction of the applied field. i$hvill align the magnetic moment in the

: N : , d d
field direction. The precession frequency will &Z‘Hres_'_ H,.l. If we measure the
/4

resonance field foa full angular rotatiorof the samplethe equivalentinternal field can
be extractd.

Following Smit and Beljerf81], andSuh[82], we denoté as the total energy of
magnetic moment itheferromagnetic material. The equilibrium position of the magnetic
moment is in the direction. When the magnetic momésslightly displacedrom the
equilibrium direction, the torquexperiencd by the magnetic moment will be

dM
E:}/MXH . (15)

and the equation of motion for the magnetization will be:

— M6 = E [ dp,
M = y0E [ 96. (16)

From small deviations of the equilibrium point, the endggyan be expanded a

Taylor series:

1 2 2
E=E.,+=(E O0°+2E, Op+ E
0 2( 60 0P o0 P )’ 17)

. oA2 . A2 i« 0°
WhereE99|S 8 %92 , E@(/) is a %08(0 andE(/,(/, IS 8 %¢2 .

The equatiosof motion now become

~Mé =y(E, p+E,0),
M@ = y(E,0 + Eeq;(”)- (18)
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The solution for this equation of motiavill be:

2 2 2 1
O = {525 - (Y]

(19)
For an arbitrary equilibrium positiorf(, ¢o), the resonance angular frequency

will be:

o =1 [PEFE _ ( 2%E )2]%
res — MSing 2 5,2 o
062 dp 9 | (20)

where oyes IS the procession frequency is the magnetization E is the energy9 is
theazimuthangle andp is the polar angle.

The relation between the magnetic moment precession frequency and the
magnetic field for a cubic system is plotted in Fig@de In this figure, the relation
between the rotation angle and resonance field caedr for frequenes from 0 to 25
GHz. For low microwave frequency, for example 5 GHz, when the sample is at 45°,
there will be two resonance fieldat 600 Oe andat 900 Oe. While as we rotate the
sample 4° degrees away from 45° no resonance line wilkden. Fothe higher
resonance field, for example 15 GHz, there will be a resonance line for every angle.

In magnetic thin films,additional anisotropic energies are tthemagnetization

field and the magnetostatic energy. We only deal with simple cunid uniaxial
anisotropic materials, so we follotlve FMR theory fronKrebs[10] and Artman83] for

magnetic thin films.
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Figure31: Frequency and magnetic field plot for a cubic anisotropy when magnetic fields
are in different directions.

Thin Films in the (011) Planewith CubicMagneticAnisotropy

Now we consider an arrangemaviierea magnetic thin film igleposited onto a
substrateand the filmsurfaceis the (01-1) plane we apply a magnetic field H in the film
plane with an angle to the [100] directioras shown in Figure 3Zhe magnetization
directionhas an angle di with respect to [100] and theiamith of M has anglé. If the
magnetic thin film has cubic anisotropy energy, the form of free energy density to first
order is:

E :% K, (sirf(20)+ sirfo - sirt(2p))

—MH (cog/- cog/ + si@- sim- s@Bz+@))

+%><4;rM2(n-co§6’+ n sifng- sinGz+@)+ @2 ) sif¥- cCE 7 +¢)) 21)
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where the first term is the cubic anisotropy term, the second term is magnetostatic energy,
the third term is the demagnetizatienergy, andizn is the demagnetization factor for
the thin film in the plane. Usually, for a very thin film, n is equal tblére because of

smallskin depth, the demagnetization effect from the rf field has been ignored.

[102]

[010] [011]

Figure32: Magnetic thin filmandexternal fieldH arein the Q1-1) plane

Thin Films inthe (010) Planewith Cubic Anisotropy

For a magnetic thin film deposited on a substrate with the (001) plane parallel to
the substrateandapplied magnetic field in the film planthe setup can be drawn ias
Figure33. For a magnetic film with cubic anisotropy energy, the free energy tirshe

order can be written as:
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E :% K,(sir?(20) + sirfd sift(2p))
—MH (sind cog® — )

P 4zM?(n- sinfé + (1- 2n)- cog)
2 . (22)

Again the first term is the cubic anisotropy energy, the second term is the magnetostatic
energy, and the third term is the demagnetization endrgy.the angle between applied
magnett field and the [100] axis. The magnetization direction has an @ngi¢th the

[010] axis and the azimuth anglegiso the [100] axis.

[100]

[001]

[010]
[011]

Sample and H in (010) plane

Figure33: Sample and applied magnetic field in the (010) plane
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Thin Films in the (A-1) Planewith Uniaxial Anisotropy

A uniaxial term with easy or hard iaxin the [100] directiorfsee Figure84) can

be expressed as

E, = K,Cos[4]. (23)

" [100]

so

so

=100
100

Figure34: A thin magnetic filmin the Q1-1) planewith uniaxialanisotropyin the [100]
direction The black frame is the film plane.

Thin Hims in the (010 Planewith Uniaxial Anisotropy

A uniaxial term in the (0I)0plane(see Figure5) can be expressed:a
E, =K,cog(p+g,). (24)

whereg, is the angle bieveen thehardaxis and the [1JQdirection.
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[100]

[001]

Figure 35. A thin magnetic filmin the 010) plane with
uniaxialanisotropyhard axign the [LOQ] direction

For a cubic systerwith uniaxial anisotropy, the magnetic energy can be written
as:
E=-M-H+K,(afa? +a’a? +afa?)+ K, cos0+2aM % + KL(ML/M)Z_ (25)
Here the first term is magnetostatic energyhe second term ithe cubic crystalline
anisotropy energy wheli€; is the usuafourth-ordercubic anisotropy conaht WhenK;
is positive, the easy axes are along [100], [0&6§[001]. The third term is the uniaxial
in-plare energywhereK, is the uniaxial second ordernisotropy constant. e fourth

term is demagnetation field. The fifth term counts for any perpendicular anisotropy
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energy.a are the direction cosines M. 0 is the angle betweeM and inplane [100]

axis.

MagneticField Dependent Magnetic Anisotropy Term

When there is no external field appligie magnetic moment will align in the
easyaxis direction and has a natural precession frequency. When an external field H is
applied in anther direction, it will tiltthe magnetic moment direction and also change its
precession frequency. If there isregnetic field dependent energy term in iin@gnetic
anisotropy energy, for differentnicrowave frequency due to the resonance fields
happeing at very different magnetic fieldthe field dependent magnetanisotropy
constantanbe extracted out.

For a cubic system, if the magnetic field dependent magnetic anisotropthes
same direction as ¢huniaxial anisotropy directionhe magnetic energy can be written
as:

Energy:% K( sifi(20)+ sifv sif(2p))

—MH (sind cog D — @))
+27M *cos’@

T

+aOMHCo§(¢+%)

Herethe lastterm is thefield dependent anisotropy term. In the following section, we
will compare the resonance frequency vensuzgnetic field for the ndield-dependent
anisotropy &=0) andthe field-dependent ansitropyad=0.2) in two rotation angles,

and 45° In Figure 36, the black lineplots the resonance field with the applied field
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strengthfor samples without field dependent mangetic anisotrdpg red line plots the
resonance field with the applied field relation for samples with a uniaxial field dependent

mangett anisotropy with strengthyaqual to 0.2.
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Figure36: A field dependent magnetic anisotropy effect on magnetic anisotropy changes
on different frequency.

Line Shape and.inewidth

The lineshapes of EPR can usually be fitted with a Lorentzian or Gaussian

a

function. The Lorentzian line shape takes the forny afl i and the Gaussian takes
+

the form of y = aexp(-hx’) . The line shape of the EPR is determined ke tifpes of

interaction between the spin and its environment. The line widths depend on the strength

of interaction and the relaxation time. For a system with homogeneous environment the
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relaxation time is short so the spin system remains in thermal egumilgluring tre
experiment Normally the line shapeas Lorentzian. For a system with inhomogeneous
environment, the line shape is Gaussian.

FMR linewidth is a god indicator of relaxation timand it comes fronboth
homogeneous broadening and inhomogeneous broadening. Both the spin lattice
relaxation time T and spirspin relaxation time F contribute to the line width. In an
inhomogeneous environment, the inhomogeneous broadening determines the line width
of EPR sigal.

The inhomogeneous sources are:

1. An inhomogeneous magnetic fieldshich might come from externalapplied
field is not uniform) or internal of the material.

2. Crystallographic axewhich are in different directions in the materials.

3. Two magnon scattering

4. Phonon magnon scattering.
The intrinsic effectaire

1. Eddy currents,

2. Radiation damping,

3. SpinOrbit coupling,
FMR measures the resonance of spin watber than thendividual spins, so

exchange energy does not contribute to the resonance ém&fgjR measurements
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EXPERIMENTAL SETUP

Sample Growth

Single crystal thin films of RgGa, have been growby Adam McClureusing
the MBE systemThe procedure has bepreviouslydescribed19]. The polished GaAs
surface was first sonicated in acetone for 5Sut@ns, nextinsed in methanol, then rinsed
in deionized water and finally dried with nitrogen gas. To remove the carbon
contaminants, substeatwas treated with ozon®r 45 mirutes The hst step of the
cleaning was to hedhe substrate to 628C for 45 mirutesin an ultrahigh vacuum
condition to remove thsurface oxides and other contaminants.

To improve the substrate and thin film interfage 80 nm ZnSe buffer layer was
grown on the GaAs. The substrate was held at €7%1d single source ZnSe crucible
was used at a deposition rate of 13 A/min. A UTI quadrupole mass spectravaster
used to monitothe flux of the source materials. Aftére buffer layewasdeposied the
sample was cooled to 15Q.°The deposition of FgGa thin film was from independent
Fe and Ga Knudsen cell sources. The thickness of thg&Bealloy thin films deposited
wereabout 21to 25 nm as determined birutherford backcattering. The deposition rate
was 2.3 to 2.8 A /min. A 40 A ayer was deposited on top of the, k83, alloy film to
protectthemfrom oxidation. The capping layer was deposited at a substrate temperature
of 100°C with deposition ratéeing3.5 A /min.

The samples prepared to investigate the Ga concentration effectRueecFe,
and iron doped with 4.5%, 7%, 11%, 15%, 20%, 21%, 23%, 38%, 45% and 57%

Ga concentratiogrown at about 20im thickness on ZnSe(100) and 0%, 1526%,
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21%, 23%, 33%, 38% and 45%a concentrationgrown at about20 nm on ZnSe(110)
surfaces.
The samples used to study the feg/ZnSe interface effects were prepared at
different thicknesses.he samples at 24 Ga concentration were thitickness of 2.41m,
4.8nm, 9.9nm, 19.8nm and 39.m on ZnSe(100) surfaces and anbd, 20nm and 40

nm thicknesgilms on ZnSe(110) surfaces.

Sample Characterization using VSM and RHEED

In the first chapter, we have introduced the sample growth procedure. The sample
quality was monitored by reflection high energy electron diffraction (RHEED). XMCD
[84] and VSM[19] were usedo characterize the magnetic properties. During the growth,
the sample concentratiomas monitoredusing a UTI quadrupole mass spectrometer to
measure thdlux rate The thickness was monitored by deposition duration. The final
thickness and concentratiaesults weredetermined using Rutherford backscattering
postgrowth. The crystal quality of the GaAs surface and each deposited layer was
monitoredin-situ by RHEED using 10 KeV electrons.

Figure 37 shows the RHEED patterns for the clean G4B81) surfae, the
deposited ZnSe(001) buffer layer and the deposB&£IC Fe)sGa1: film. The
discontinuous lines of GaAs substrate show that the GaAs surface is rough and the clean
lines for ZnSe show that the ZnSe buffer layer has epitaxial growth on GaAs and the
quality of the ZnSe buffer layer has been greatly improved. The RHEED pattern for the

Fey.sdGap.111s shown in Figur&7 and it indicates §2x1) surface reconstruction and the
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BCC single crystal is in registry with the ZnSe buffer layer. The latticetaonsf the

BCC Fg sGa 11is 2.9 A and close to that half of ZnSe.

GaAs(001) ZnSe(001) FeGa(001)

Figure37: RHEED patterns of the clean GaA8{) surface, the ZnSe(001) buffer layer,
and the BCC FRgdGay.12(001) film. The incident electron beam is along thepleme
direction slown.

<110>

<100>

The magnetic properties of these; f@a samples have been measured using
vibrating sample magnetometer (VSM), an option from the Quantum Design Physical
Property Measurement System (PPMS). The magnetic field was applied in the plane of
the samples along the primary high symmetry directionaur€ig8 shows an example
VSM measurement results on 5% Ga and 28% Ga films. From (a) we see that along
<100> direction, the hysteresis loop is square and the magnetization is easily saturated at

a magnetic field less than 50 Oe. And along <110> anii0=ldrections, the saturation
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field is as high as 500 Oe. That shows the easy axis is along<100> direction. While for
28% doping of Ga, the square hysteresis loop changed to <110> direction and the <100>
becomes the hard axis. Another interesting featuresignéquivalence of <110> and <1

10> directions.
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Figure38: Hysteresisneasured by VSM for FeGa/zZn®61) along 3 different principle
axes. The left panel shows thgsteresis loop for 5% Ga doping. The tiglanel shows
the tysteresis loop for 28% Ga pimg.

Identification ofSampleQOrientations

The substrate orientations have been indentified daitgry labelingyeflection
high energy electron diffractiofiRHEED) and electron backscattering diffraction
(EBSD).

RHEED is a technique used to charaetethe sample surfacds is especially
useful for monitoring the growth of films in a MBE chamif@ample orientations can be
identified from the spacing of stripes in the RHEED picture. Fi9r€hows the
RHEED images for the three principle axesZoSe(110) surface grown on GaAs(110)

surface.
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[100] [110] [111]

ZnSe (110)

Figure 390 RHEED images of ZnSe deposited on GaAs(110) surface in three
principle axes [100], [110], and [111]. The line spacing is inversely proportional to
the real lattice spacing.

Sample orientationlsave also been carried out from the EBSD system. EBSD is a
technique to obtain crystal information at the sample surfasetup and layout of the
system is shown in Figur40 and Figure4dl. An electron beam is incident on atel
crystal sampleand anelectron back scattering pattern fa&ron a phosphor screen. The
diffraction pattern consists of Kikuchi lines which are results of electron diffraction from
different crystalline planesFrom the diffraction pattern we cadetermine crystal
structues and its orientation relative to the sample.

The experimentises electron energy at 20 keV with incident angle at 70° to the
sample. EBSD is a surface technique which probes020nm below the surface. It can
be used to indentify crystal orientatiomsd phases. The spatial resolution bist
technique is 20 nm to 1 mm, it has a relativgla resolutionof 0.121° and absolute

resolution of 2°.
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Crystal orientation

Electron source

20°

Sample

Figure40: A schematic plot of the EBSD system.

L

Figure4l: Set upof the EBSD system.
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The left pankin Figure42 shows the Kikuchi pattern collectefrom a screen that is
about75° titled relative to the sample normdlheright panel in Figurd2 showed the
crystal orientation viewed from the sample normal.
The crossingsigns + in Figure40 and Figure 42 are the pattern ceet (PC)
which describeghe location of the nearest point between the phosgdreen and
the sample The center of the Kikuchband corresponds to the intersection
between the diffracting plane and the phosphor scrddme labeling of
intersections between Kikuchi bands are the crystal axis direclibesposition
of the Kikuchi bands can be found automatically with the Hough transform and
used to calculate the crystal orientation of the sample region that formed the

patten.

. o3

0-1-3 T :
_0_1_2. : : AR

211

11.9 - . : 0-2-1

Figure42: The left panel shows the Kikuchi pattern from the phosphor screen. The
numbers show the crystal axis directions. The right panel shows the crystal
orientation obtained from the Kikuchi pattern.
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Introduction to th&MR Machine

An EPR system consists of the microwave bridgdich contains the
electromagnetic radiation source and the deteetoshown in Figurd3. The sample is
in the microwave cavity which can amplify weak signahirthe sampleyith a magnet
for tuning the energy levelsThe system alsdias a console which contains signal
processing and control electronics and a comp®efier tothe Bruker manualfor more

details

Bridge Cavity and
Sample

| I I
¢1 Magnet Ig —

Figure43: Setup of a FMR machine

The Microwave Bidge

The microwave bridgeontainsthe microwave source and the detector. The basic
idea of the bridge ishownin Figure44. A microwave source generates a sigaatjthe
signal intensity gettuned by the attenuator aggdes to the cavity. The detection of the

signal is from thereflecied signal from the cavity. Theeflected signal passes the
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circulator and goes into detector diode and outputs a voltage. For accuracy and linearity
of the signal intensity, a reference signal is also input into the detector diode. The phase

andin ensity (fAbiaso) of the reference signal

Signal Out _>
Reference Arm Detector
V A Diode
— O
3
1 U <# Circulator
4 2
Attenuator

<# Cavity

Figure44: Schematic drawing of how the microwave bridge works.

The EPRCavity

A microwave cavity is a metal box used to amplifye weak signal from the
sample At theresonance energy of the cayigl the microwave energy will be stored in
the cavitywithout anyreflection. Cavities can be characterized by their quality fa@tor

whichis defined as how efficiently the cavity stores microwave energy.

Q _ 27 (energystored)
— energydissipatedper cycle
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Energy dissipatioper cycle means the loss of energy during one microwave period. The
measurement d factor can be done as:
Q=uvred 4V,
wherevesis the resonance frequency of the cavity amds the width of the resonance
frequency at halheight.

When a sample is placed into the cavity, it whlange the resonance condition.
Whenthe resonance energy of the cavity meets with microwave, it will absorb the
energy In this caseQ factor will be lower and microwave Wibe reflected backThis
resultsin an EPR signal.

To increase the sensitivity of detection, the samplesteede in the best position
in the cavity and an #Airis screwo is used
a screw between the cavity and the waveguglemoving the iris screw up and down,
the iris of the cavity will change size and thus change the impedance of the cavity. When

the cavity is critically coupled, the Q factor will be large.

The Signal Channel

To enhance the sensitivity, EPspectrometers use a phase sensitive technique
(lock-in amplifier). This technique eliminates the baseline instability due to DC
electronics,and generatedess noise from the detection diodghis techniquealso
eliminates noise or interferenc&hich has a frequencythat is different from the
modulation frequency.

The scheme of the detection works as foBo#v slowly swept magnetic field is

applied to the cavity. On top of this sweeping magnetic field, another sinusoidal
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modulated field isalsoapplied tothe cavity.The EPR signal will also be modulated and
the amplitude is proportional to the slope of the original signal.
The signal channel compares the modulated signal with a reference signal that has
the same frequency and phase with the modulated &alil extractthe amplitude of the
modulated signakndthen produces a DC signal that is the derivative of the original EPR

signal.This process is shown in Figué.

/ 100KHz detector output

.

Modulation field

Figure45: The generation of EP&gnal

MagneticField Controller

Magnetic field controller consists of two parts: a pahich sets the field values
and timing of the field swee@nda part which regulates the current in the magnet to
attain the requested field value.

A microprocessor is used to control the field aintirtg of magnetic field sweep.

The field sweep can be divided into a maximum of 4096 st&pseach step, a
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corresponding voltage is sent to the controller that regulates the magnetic field. The
waiting time between each step is controlled by total sweep t
A Hall probe is placed in the gap of the magnet. The Hall probe generates a
voltage that is proportional to the magnetic field. By comparing the magnetic field from
Hall probe and the reference voltage set by the microprocessor, a necessary adjastmen

the current will be made to the magnet.

FMR Measurement

We usedroom temperature FMR to measure the magnetic anisotropies for all of
our samples. The experimemasdone inthe X-bandfor the microwave frequency at49.
GHz and the Q-band for the mcrowave frequency at 34.6Hz. The X-band FMR
spectrometers either Vaian E-line spectrometeor Bruker EleXsys The QbandFMR
measurementseremade using Bruker Elesys E 500 system

The samples wemnounted onto the flat side of a quartz samplewadt sample
surface being horizontal in the cavity. Upon rotation of the sample rod, the satapbel
horizontally in the cavity with the applied field the plane of the film. Angldependent
FMR wasdone for rotations from®o 180° for these samples.

The size of the resonance cavity is determined by the microwave frequency. The
higher the microwave frequencg; the smaller the cavity sizBecause of the limitations
of the cavity size for the ®and measurement, the samipéd to be cut into less thah6
mm in dimension The samplesleposited onto GaAs(@) substratesvere cut intoless
than1.5 mm by 1.5mm squares with edges along the [110] andQlLdirections.The

samples that were deposited onto GaAs(110) substwatesut into1.5mm by 1.5mm
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squares with one dheedge along the [111] direction and the other edge perpendicular to
the [111] direction.
To compare the results in theband andhe Q-band, the same samplegre

used in the two frequencyeasurements.
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EXPERIMENTAL RESULTS

To investigate the Ga concentratiand FeGaJ/ZnSe interfaceeffect on the
magneticproperties of FgGa films, two seres of samplesvere deposited on both
ZnSe(Q01) and ZnSe(110) surfaces.

The samples prepared tovestigate the Ga coentration effect werePure Fe,
and iron doped with 4.5%, 7%, 11%, 15%, 20%, 21%, 23%, 3&%, 45% and 57%
Ga grown at about 20im thickness on ZnS@Ql) and Fe with 0%, 15%,20%, 21%,
23%, 33%, 38% and 45%agrownatabout20 nm on ZnSe(110) surfaces.

The samples used to study the FeGa/ZimBsface effectavere21% Ga doped
samplesprepared atifferent thicknesseslhe samplesvere at thickness of 2.41m, 4.8
nm, 9.9nm, 19.8nm and 39.7m on ZnSej01) surfaces and at Ifim, 20nm and 40hm
thicknesdilms on ZnSe(110) surfaces.

To see the consistency thie measurements and magnetic field effect on magnetic
anisotropiesor those samplesoththe X-band andhe Qband FMR measuremertiave

beenperformedon the same samplasd the results have been compared.

Example $ectra

The FMR spectravere collected with fixed microwavérequencyresonance at
the sample cavityThe magnetic field waslowly scanned from low field to high field
while aspectrumwasrecordedFor a better sensitivityhe FMR spectravererecordedn

the derivative form of the absorption sign@he peakof the signaloccurs at the zero
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crossing of the derivative spectrume define this poinasthe resonance field ().

Figure46 shows pure Fe spectratime X-band andhe Q-band for two different rotations.
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Figure 46: Typical FMR spectra in X band and Q band along different rotations. Top

ﬁﬁrr\]_el plots X band spectra and bottom panel plots Q band spectha feamepure Fe
Compaing the X-band and &band spectra, we notid¢hat for theX-band FMR,

the resonance happens at ~1@@)while for the Qband FMR, the resonance happens at

a much higher field for the same samptethe X-band,figure 46 showa ( rotation and

4° rotation spectralt is shownthat two resonance peakppears Both the peaks have

largeresonance field shiftspona 4 rotation. The appearance thie two resonance lines

occurs becausthe internal field creatg a precession frequendpat is close to the

microwave frequency. The first resonance pehét is in the low magnetic field
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corresponds to where the magnetization is not aligned with the applied magnetic field
The second resonance pewakich occursat a higher magnetidield, corresponds to the
situationwhere the magnetization of the sample is aligned with the applied field. While
in the Qband spectrahere isone resonance peak shog/rup at about 5000 Oand the

resonance fieldlsoshifts as angle changes.
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Figure 47:Example spectra with fitting using derivative of Lorentzian.

The spectra have been fitted using the derivative of the Lorentzian function:
f(X) = — 2A0, (X—%,)/(X—%;)* +@,°)* +Kx+C . (27)
where A is the amplitude of the signaly is the full width hal maximum of the
Lorentzian functionandxy is the resonance field,.s C and k terms are to compensate
for the offset and a background subtractithere are two ways to define linewidth. One
is to use the full width half maximum, where the linewidthl vieie the wg in the

Lorentzian functionThe other is to use the inflection points on the derivative form of the

spectra to get linewidths. In this way, the Iinewidth/é/?)of o from the full width half
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maximum.Figure47 shows an example spectrum wilte fitting usingthe derivative of

Lorentzianfunction

Full Angular Resonanceié¢id

After making the full angular rotation measureménaoim 0° to 18®, we extractd
resonance fielsl(H,e9 and linewidtles using the Loratzian fit. A polar plot was then
made for the whole angular rotation. Figdi@shows the whole angular rotation plot of
the resonance field for pufee deposited on ZnSe(DO in the X-band Figure49 shows
the Q-bandresults for the same pure Fe samfiiean be seen théoth the Xxband and
the Q-band resonance fieddersusangle data have fodiold symmetry Along the <116
directions, the resonance fieldse highest. The big differenc®tween the two plots
thatthe X-band andhe Q-bandresonancehappen at very different field$he X-band
resonance fields are around 10086 while the @band resonance fields are around 5000
Oe. In the X-band, resonance only occursaatertain angle while at other angles, the
resonance disappeats.the Q-band measurement, the resonance fields show ugdor
whole angular rotation. This becausehe X-band resonance frequency @#Hz is so
low that in some angles, the internal field is high enough to generate a precession
frequency of the magnetic m@mt equato or greater than the microwave frequency. So
applyng a field in the same direction as the internal field will only increase the
precession frequency of the magnetic momprdaducing noresonance peak. When the
samplewas rotatedo differentangles, the internal field can be in different directions
from the applied field and will decrease the precession frequgmessible to make

resonance happen. This effect can be seentheni-bandFMR datain Figure 48 Since
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the Q-band frequencys 346 GHz the internal field is nolarge enough to generate a
precession frequendygher than thafThis is why complete angular resonance field plots
for high frequency measuremerse always observedhe anglar plots show that the

easy axe are inthe[100] directions and hard axa@re in the [110] directions.
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Figure48. X-band resonance fieldersusangle plot for pure FEZnSeQO01). 0° is in the
[100] direction.The blue squares are the experimental data and the red crossings are the
fits.
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Figure49: Q-band resonance fieldersusangle plot for pure FEnSeQ01), 0° is in the

[100] direction.The blue squares are the experimental data and the line is the fit to the
data.

Fitting to theResonance ields

From the experimental resonance fieldrsusangle datan Figure 48 and 49, we
can seahat themagneticanisotropyis of a cubic termThere is &light differerceon the
resonance fielat45° and 318 whichindicates ainiaxial termin the [110] direction. The
uniaxial term is more prominem Ga doped sampleaswill be shown laterWe follow
Krebs[10] and Artman[83] to use a magnetostatmergyterm plus a cubic anisotropy
term, an irplane uniaxial term, a demagnetizatienm and an oubf-plane uniaxial term
as shown in Eggtion @8) to represent the engrglensity

E=-M -H+K (ol +aiaZ +alal)+K,coS(@+1in)+2aM? + K, (M, /M)? (29)
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Here the first term is the magnetostatic energy. The second term is the cubic crystalline
anisotropy energy, where;Ks the usuafourth-order cubic anisotropy constant, making
the easyaxis along <100> when it is positive. The third termuisaxial inplane
magnetic anisotropy energy, with, ikhe uniaxial second order anisotropy constant. The
fourth term is the demagnetic field. The fifth term accounts for any perpendicular

anisotropy energy. The fourth term and the fifth term have the dapendency othe
azimuth angle, sthese twotermsare combinedand Kp = 272M * + Kp is usedin the

fittings. Thea's are the directional cosines of With crystal axes [100], [010] and [001]

® is the angle between M and-ilare [100] axis.Anisotropic energy K Ky, andK,

and magnetization M can be determined usingersusH relation

In FMR fittings, K, K, and IZp can not be independently extractieecause
theyare linearly dependemin the magnetizatioM values used in the fittingHowever
Ki/M, Ku/M and Rp/M are always validparametersand do not depend on the
magneization M values. In this dissertatioeither K/M values or modified K values are
reported. The ndified K values are defined a¥, 4 =M,,K/M , where K/M are
values from fitting and My, are measured magnetization values from VSM. Effective
magnetization can be calculated2a¥ :IZP/M ,\where lZp is the total uniaxial

perpendicular anisotropy energy, and M is the magnetization value used in the fitting
procedure.
Figure48 and49 showthe fittings to the Xband andhe Q-Band data for the pure

Fe sample using Equati@®8). The fitting parameterfor the X-band data ar®les= 1572
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emu/cnd, Ki/Mei= 270 Oe, andK /Mg = 4.7 Oe. The fitting parameters for theb@nd
data areMe; = 1709 emu/cm3Ki/Mes = 268 Oe, andKy/Me = 4.2 Oe.The fitting

parameters are close to each other exicephe effective magnetization value.

Quality Determination of &hin MagneticFilm from FMR Measurements

The other useful information wean getfrom FMR spectrais the quality of the
films. We can tell the quality afhe magnetic thin films frominewidth, resonance field
shift and number of peaké sharp linewidth always indicatea good film growth. For
polycrystaline samples, the linewidth will be large due tbe inhomogeneous
broadeningA good film will have a large magnetic anisotropy amtl result in a large
resonancdield shift upon changinghe rotation angle while polycrystal films normally
show no or small angular resonance field shits. a film if only one peak iexpeced
but there aremultiple peaksit shows that the films not single crystalThe multiple
peaks come from different crystal orientations or different crystal propefies.
example, in our samples for Fe depositedtlomZnSeQ01) surface, thesharpestull
width half max (FWHM)linewidths for pure Fe are 3e inthe Q-band and 22 Oe ithe
X-band (From fittings using Lorentzidanction). This is comparable to the literature of
45 Oe in the Gband for pure Fe/ZnSe@l1) [9]. FromFigure47 and49, we see that there
is only one FMR line showvg up in the @band and the resonance field has a decent
angular dependencé&hese indicate a good film growth.

For one of ourFe/GaAs(10) samplewithout the ZnSe buffetayer, we see
multiple lines in the FMRas shown in Figur®0. Those lines shift together when we

makethe angular rotation. All the lines have a minimum at the same angle. Sspect



81
there are multlayers of films that have different magnetic anispyre@onstants, but the

crystal orientations are the same for all the layers.
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Figure50: Angular FMR for Fe/GaAs(0) with no buffer layer.

While for one of our Fe/Mg@Q1l) sampls, whoseresonance field has been
shown in Figuresl, the multilines of theFMR have different maximum and minimum
resonance field angles and the shifts for these two lines are the same except an angle
shift. So the two lines correspond to two different film domains that have almost the same

magnetic anisotropy while the crystalentations are slightlilted at different angles.
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Figure51: Angular FMR for Fe/MgQQ01)

Comparisorbetweerthe X-band and
Q-band Datdor the Same Sampe

In the previous sectionwe have listed resonance field shifte foure Fe on
ZnSe(Q01) in the X-band and &band. We have noticed some similaritiesand the
differences. Below we will compareresonance field shifts and linewidths for 2@#td
23%Ga doping in ZnS@O1) in theX-band andhe Q-band for the same samgple

Figure52 shows the res@mce fieldsn the X-band and €and datdor the same
20% Ga doped FeGaample grown on ZnS@Ql1) surface It can be seen thainlike for
pure Fe,ithe 20% sampldas full angular datan the Xband This is because the de
magnetic field is smaller after dopisg the total internal field gets smallegsulting in

the lower natural precession frequentkie other big differenceomparedwith the pure
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Fe sample datshownbefore is the big iequality of tke resonance fieldt 45° and 138.
For pure Fe, the difference is only abdi Oe, while for the 20% Ga doped sample, the
difference isabout190 Oe.For the 20% Ga sample, we can barely see a cubic symmetry

butwe can sea big uniaxial symmetry.
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Figure 52 Resonance fields in the-band and cband for the20% Gasample.

Comparing the €pand data with the ¥and data, we notice that these two
measurements generated similar results except a slight change ovelative size of
cubic arisotropy anduniaxial anisotropyThe linewidtls in both X-band and Gpandare
shown in Figureb3. It hasmuch simplematternthan the resonance fiel&Even though
the magnetic anisotropy showlse uniaxialsymmetry the linewidtls show only cubic

symmetry.
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Figure 54 shows the resonance fields for the 23% Ga sample intthad<and
Q-band.In the 23% Ga doped sample, neticethat the cubic term rappearedBut the
[100] direction becomes a hard axis, which means that cubic anisotiopyakiegative

term. The uniaxial terms show a slight differemtehe X-band andQ-band datawhich
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can be seen from the 45 degree and 135 degree dagadifference in the 20% Ga is

slightly larger tharthe difference irthe 23%Ga sample.

Magnetic Anisotropies foiFe,.Ga/ZnSe01)

Different ConcentratiorBamples

In the following section we will discuss the results pore Fe, and iron doped
with 4.5%, 7%, 11%, 15%, 20%, 21%, 23%, 3638%, 45% and 57%sa grown at
about 20nm titkness on ZnS801) from boththe X-band andhe Q-band FMR.

Figure 55 through 60 show Xband and Qband Hres versus angles datar
severalGa concentrationslt is shownthatwhen Ga concentration Isss thar0%, the
[100] direction is an easy directiowhile & 20% Ga doping, the bic anisotropy almost
disappearedit is also shown that en Ga concentration gets more than 20%,cubic

anisotropy switcheits easy and hard axis direction.
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Figure 55. X-band angular resonance fieddfor Fegs6Ga044ZnSeQ01). The black
triangles are the experimentidta. e red crosses are thiings to the data.
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From the comparison of above measurements in hend and €and, we see that-

band and €band show similar behaviors for most of the samples except for the 20% Ga
doped sampleye thinkthe reason fothe discripensy between thel@nd data and X

band dataomes fronthe noeuniformity of the sample. Especially 20% Ga doping the

cubic anisotropy and B2 changed sign, so theimiéormity will generatedifferent field
dependentin the films for different Ga concentration regions and showonpthe

magnetic anisotropy.

Magnetization

Saturation ragnetizations for these filmsvere measured usingthe PPMS

vibrating sample magnetometer (VSM). Effective magnetizations can also be extracted

from angular FMR fitting using2zMe, :"%. Effective magnetization means that any
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perpendicular magnetic anisotroigyignored andthatthe dmagnetic field isassumed to
be the only perpendicular magnetic anisotropyurce Figure 61 shows the effective
magnetization from the FMR fitting procedure and from VSM measurements.
Magnetizations from these two measurements track each othewycléselpure Fe, the
magnetization from @and measurement is 178fnu/cni, which is slightly lower than
the reported bulk valuef 1714 emu/crh The reason for the difference might be that
magnetoelastic anisotropy genera@segative surface anisotrofg]. With doping of
Ga, magnetization decreases linearly rmainslower thanthe pure dilution line. It
drops to 482 emu/cm”3 at 36% Ga concentration. XMCD [@4fehas shown that the Fe
moments change upon doping of ,&Gédso the Fe induced magnetic moments for the
doped Gand the magnetic moment of Ga is aligned withthe Fe moment. All these
will lower the total magnetization from the pure dilution line. With the increase of Ga
doping, the slpe of the magnetization changdsis change is caused by a structure
changeat 20% Ga doping as can be seen friiva XMLD measuremen{85]. The
measurement resultshow the same trend as bulk,Ge.x materials[5, 86]. The
difference between VSM measuorentvalues and FMR measunent \alues might come
from thickness measurements in VSM measurements enpeqdicular anisotropy being

counted as part of the demagnetic field in the FMR analysis.
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Figure61: Saturation ragnetization measured from VSM and effeetinagnetization
extracted from FMR fittings in »band and Gband.

CubicMagneticAnisotropy @nstant K

Cubic anisotropy comes from crystalline anisotropy. Nature ofBBE€ cubic
structure determines that this crydtalscubic anisotropy. Kvalues hae been extracted
using the fittingdataK,/M andthe magnetization value M., from VSM measurement
Figure 62 showsthe cubic anisotropy constant;Kersus Ga concentratiatata When Ga
concentration is low, cubic anisotropy dominates and along [$Q0f easy axis for K
term, so K is positive. As Ga concentration increases to 20%, the cubic anisotropy
decreases to zero. As Ga concentration increases even more, cubic anisptiogyges
sign,andc ubi ¢ ani s ot r o pegrotate 48 Alew[10(d In,edomds ¢he darda x
axis for the cubic term and [110] becomes the easy axisaAdve seefrom Figure62,

for pure Fe, Kis 45883%rg/cnt (K4/M is 267.7 O#. It is very close to Kfor Fe bulk at
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4.8x10 erg/cn?. The Ky/M valueis close to thevalue of 290 Oefor BCC Fe on ZnSe
[10]. As Ga doping increases,1 Kjuickly drops to zero around 20%, and stays at
negative, and then slowly increases in value as Ga increagescrases to about
118000erg/cm”3 at 36% Ga, and then starts to decrease toward zero as dopagéas.
Comparing this behavior withGgGanplsusidigs me a
VSM [6], their K1 values use (J/m3) as the unit, and 1 j/m3 is equal to 10 (erg/cm3), so
the values are from out thin film samples are close to the bulk value and atssimhdsar
patterns as doping of G&he difference might be that their samples areamstrained
samples and our samples are thin film samples constrained by the substrate, so the second

order magnetoelastic effect makes the differencéheK; value.
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Figure 62. Extracted K values from Xband and €pand FMR fitting.Diamondsshow
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Uniaxial Anisotropy K,

Figure 63 shows the concentration dependence tioé modified uniaxial
anisotropy conste K,. For pure Fe, the uniaxial term is small (7.73t6/cnY) with
easy axis in the [110] direction. The easy axis is in the same directiondapé®tedn
GaAs(0Q) [34, 43, 45, 61, 64, 69, 79, 8@hd as Fe on Ze(0d) [10, 11, 48, 52, 88]
As Ga doping ineases, uniaxial anisotropy suddenly increases to a higher value. It
reached 9.14xfGrg/cnt for 20% Ga. When doping exce=ti30%, easy axis switched
to [1-1 0 ] direction. The easy axi[&]ddtahbutestllt i on i

can be explained using the uniaxial strain relaxation theory as predicted by[3d]rbt

E, =3 B.,,siN20) 29
HereE, is the uniaxial anisotropy generated by the uniaxial relaxation in [110] direction.
B is the magnetoelastic coupling coefficieag shown in Equation, 4, is the shear
strain and ® is the angle betweethe magnetization and the [100] direction. As Ga
dopping increasesyccording to Equation 5, the lattice mismatch will increase, so we
expecter, to increase, which causése uniaxial anisotropto increase. But the Bralue
changes sign at 20% for bulk matefia] which means that for the same share stegin
the energy ternk, will change sign This will cause the easy axis to change direction.
But the fact thathe easy axidid notswitchdirection until after 23% Ga doping indicates

the presence o&nother surface term that will hold the easy axis direction to [110]

direction, so it will delay the switcimg of easy axis aa function ofdoping.
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Figure 63: Extracted K values from Xband and Gband FMR measurements. Diamonds
show the Gband data and the solid triangles show tHeaxid data

In our experimat, K, values meaged in the Xband are always lower thamose
measured ithe Q band. We attribute that to the field dependent strginAs field goes
higher, [ 12 increases, gendnag a higher Ku value in the-Qand.

B, is positive when x is less than 20%. To get easy axis in the [110] direction,
need to be negative, so the-fll0] direction is more relaxed than [110] direction. The
relaxation directi on[73Jbsutdiafgfreereesntwiftrho mMiTrhbo
calculation. To see if this effect is really due to anisotropic relaxation, additional

experiments need to be carried out.



94

Different Thickness &mples

In the following section, we will discuss the effectdluckness on magnetization
and magnetic anisotropy for 21&a dod samplesat thickness of 2.4m, 4.8nm, 9.9
nm, 19.8nhm and 39.7Am on ZnSe(0D) surfaces

Since inter-diffusion happes at the interface, lattice mismatch, and interface
bonding, the iterface might induce additional anisotropy or form a magnetic dead layer.
To investigate the interface effects, different thickness samples have been grown at 21%
Ga doping. For different thickness samples, K/M values have been reported because

magnetizatin values change for different thickness

Magnetization In order to find the surface effect, we plotted effective

magnetizationx thickness for different thicknesses. &ig 64 shows the magnetic
moment versus thickness plot. Magnetic moment increases with the increase of thickness.
A straight line fitting to these data gives a dead layer ohin6 From the Gband data,

when the thickness is 2.4 nmMs as low as 375 emu/Cmit thengoes to 912 emu/cin

at 40 nm. From the Xand data, M goes from 240 emu/chto 1182 emu/crhat 40 nm.

A dead layer of 1.64 nm is extractading Qband data. X band M is always smaller

than Qband My (except the last point). Surface penglicular magnetic anisotropy came
from the lattice mismatch and can be writtenkgs - Bi-(gg—¢l|) [8], which can be
extracted using =K, +K,"/t. The extracted values are, 4936 emu/cni, and K,™
=1.2erg/crf for the Qband and My=970 emu/cnd, andK,™ =0.84 erg/crhfor the X

band. In general, %andK; is smaller than €and K, This is because in the-kand,
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magnetic moments are lined up more in the applied field diretteomin the Xband, so

there will be a biggede-magnetic feld in the Gband than in the Xand.
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Figure 64: Effective magnetic moment multipd bythicknessversusthickness from @
band FMR fitting. The straight line fitting gives a 1.64 nm dead layer.

K™ and K;"*® Thickness dependett;/M values areshownin Figure 65. The
easy axis of the uniaxial term for these 21% Gaedgamples are always in the [110]
direction for all the thicknesses. When thickness is wengll K; is almost zero. This

suggests that in this thickness, crystal anisotropy bafrmed.

For thickness greater than 2.4 nm, the thicker the films, the smaller the absolute

Ki/M values.Ki/M values fluctuate a lot, which might becausehe concentrations of
these samples auslightly different. GbandKi/M starts from-88 Oe for 4.8 nm sample

and goes upo -61.6 Oe for 40 nm sample.-bandK; starts from-113.8 Oe for 4.8 nm
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sample and goes t@4 Oe at 40 nm. Bulk anisotropdf,,k and interface anisotrodint
can be extracted usiry®"=K;"""*+K,™/(t-1.645). The extracted bulk valug /M is -
48 Oe for Gband and29.70e for Xband. Using ragnetization of 93@mu/cnd for bulk
23% FeGaK1™*is -4.5x1derg/cn?. Comparing this with the 20nm sample which has a
K, value of-6.2x10% erg/cn?, we seehat 20nm still has a big interface effect in K™
is -0.01erg/criin the Q-band and0.025erg/cnt in the X band.K,™ = K, A+K Fe/2nse

Theinterface term is smaller than the reported valuek;6¥“"5°= - 2.8x10? erg/cnf,

and-5.6x10% ergkn? [11, 48]
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K,/™ and K, For samples with 21% Ga concentration, thelane uniaxial
anisotropy constant&,/M are shownin Figure 66. K, is largest when thickness is

smallest Q-bandK /M starts at 204 Oe for 2.4 nm sample and dtopgt.8 Oe for 40 nm
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sample. XbandK,/M value isalways about 20 Oe smaller thanb@nd. It starts at 184

Oe at 4 nm and drops to 14.4 Oe at 40 nm. Surface and bulk effects are extracted using
K = KM 4 K™ /(t—1.649. The extractedK /M value is 70.9 Odor the Qband
data and49 Oe forthe X-band data. Using magnetization of 936 emd/(mlk value),

KL”‘ can be calculated as 0.008f/cnf in the Qband and as 0.003&g/cnf in the X-

band. Compared witthe uniaxial term for Fe/ZnSkiL"t: 5.9*10%rg/cnf [48], KL"t for

Fey - Ga 30N ZnSe is much smaller than Fe/ZnSe.
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Figure66. K,/M values from Xband and ¢band FMR.

Summary

Measurements have been done on different Ga concentrations aekndiff

thickness samples usingbéand and Gband FMR. ThextractedK; values fromQ-band
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and Xband FMR are almost the same. When Ga concentration goes from 0% to 60%, the
cubic K; term goes from positive to about zero at 20% Ga concentratidthen stays
negative. From 21% Ga thickness data, extracted inteidtds -0.01 erg/cnf for the
Q-band and-0.025erg/cnt for the X-band. Interface has a negatig™ value just as
Fe/ZnSe. In generakK; values versus Ga concentration showed the same trend as bulk
materialsas inFigure 5.

The extracted, values from @band and Xband show slightlifferences. The K,
values &tracted from Xband are always smaller thémose fromQ-band. The uniaxial
easy axis was ithe[100] direction when x is less than 20éached its peak at 20%nd
then switched to O] direction when x is greater than 30%. We suspect the uniaxial
term comes fronthe uniaxial strain relaxation. The change of easy axis direction for
uniaxial anisotropy energy is due to a #lgn change for different concentratioas
shown in Figureés7 [3]. The difference in ¥and and GbandK, values comes from the
field dependence ot;,. For different concentration samples, the biggest difference
happens at 20% Ga concentration. From different thickness sartipesxtracted €
bandK,™ and X band,™ are almost the same. Anisotropic strain relaxation generates a
uniaxial anisotropy73]. When placed in magnetic field, the magnetic field will change
the strain and nght increase or decrease the anisotropy energy. In this case, the bigger

the fieldis, the bigger the strain, makiniget uniaxial anisotropy increase
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Figure67. Calculated Bvalues for Fe;Ga, from A,;,.

For very thin pure Fe film, From X band Varian data, Kk value is 156.80e,
Ko/M = 7424 OeK/M = 28.8 Oe.

For Fa.xGa, system, there exishany phases for one compositiohthose phases
have different magnetic anisotropy, they will show multiplees in the EPR
measurementwe see multiple lines with multiple magnetic anisotropy values fer Fe
xG& deposited on GaAs without ZnSe buffer layer). We do not observe multi magnetic

anisotropy in thé-e;.,GaJ/ZnSefilms, so only one phase exists in those films.

Magnetic Anisotropesfor Fe.Ga/ZnSe(110)

After studying FexGaJ/ZnSe(Q01), we haveseveralreasons to study the ke

xGadlZnSe(110) surface:
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a. In contrast to standard molecular beam epitaxy growthmiignod of cleaving
the substre in UHV and subsequent deposition has the advantage that
atomically flat regions of up to sevenain® in size and extremely clean surfaces
are easily achieve®9].

b. The (001) oriented system is experimentally easier to prepare compared to the
(110) oriented surface. However, it is known that GaAs(001) exhibits various
surface reconstruction and growth conditions. Such congudace structures are
not expected in case of the nonpolar (110) surface. Therefore we concentrate here
on Fe/GaAs(110) although the theoretical investigation is computationally more
demanding because twice as many atoms are required in the calcofation
ideal interfaces without reconstructid®g].

C. The surfae structure is diierent from Q01) which can be seen fromidtre 19.

i) There are less directional bondings on (110) surfaces than dn (00
surfaces. Ifthe uniaxial term present or©dl) surface is due to the
bonding, we would expect the uniaxial tetm be smaller on (110
surface.

i) There are two kinds of atom&n and Sg on the surface of (110) while
there is only one kind aditom on Q01) surface. The F&n bonding and
Fe-Se bonding have different bonding energieshich might cause

different relaxation compared withe (001) surface.

Samples have been prepared at Ga concentration of 0%, 15%, 20%, 21%, 23%,

33%, 38% and 45%. These samphlegecut intoaboutl.5 mm by 15 mm squares with
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one edge parallel to the <111> direction. Sample orientation was confirmedegtttoe
backscattering diffraction EBSD. FMR measurements were made using Bruker EleXsys
E 500 system in th&-band(9.4 GHz)andthe Qband (34.6 GHz). The sample was put
onto the end of the sample ragith sample plane horizontal in the cavity. The sample
was rotated horizontally in the cavity to take thelane angular FMR signal.

Figure68 through FigureZ2 show plots of magnetic resonance figktsusangle
datawith fittings in the X-band It is shownthat there is a big uniaxial anisotropy term
growing rapidly with doping of Gawhich makes the precession frequency in the easy
axis direction largeSowhen the Ga concentration gets higie X-band data only have

few paints in the hard axis direction.
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Figure 68: X-band resonance field forupe FéZnSe(110)with fit. The black
triangles are experimental data and the red crosses are fittings.
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Figure 69. X-band resonance field for F&Ga 14ZnSe(110) data witHitting.
The black triangles are experimental data and the red crosses are fittings.

Figure 70: X-band resonance field for f#5a /ZnSe(110) data with fittingThe black
triangles are experimental data and the red crosses are fittings.



