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Abbreviations

AC Alternating Current

AFM Atomic Force Microscopy or Antiferromagnet - depending on the
context

AITiC Aluminium Titanium Carbide

am.-Ta amorphous Tantalum

AP Antiparallel

CFA full Heusler compound CojyFeAl

CFMS full Heusler compound CoyFeq 4Mng Si
CIMS full Heusler compound Coy_yIryMnSi
CIPT Current-in-plane Tunneling

CMP Chemical Mechanical Processing

CMS full Heusler compound Cop,MnSi
CPP-GMR Current Perpendicular to Plane Giant Magnetoresistance
DC Direct Current

DOS Density Of States

FL Free Layer in a multilayer device stack

FM Ferromagnet or Ferromagnetic

FMR Ferromagnetic Resonance

FWHM Full Width Half Maximum of a peak
GMR Giant Magnetoresistance

HDD Hard Disk Drive

HM Half Metal or Halfmetallic

HRTEM High Resolution Transmission Electron Microscopy
IEC Interlayer Exchange Coupling

IP In Plane orientation for a corresponding magnetic field dependent
measurement

MBE Molecular Beam Epitaxy
MOKE Magneto-Optic Kerr Effect
MR Magnetoresistance

MRAM Magnetic Read And Memory



MTJ Magnetic Tunnel Junction

NM Non-Magnet or Non-Magnetic

PID Proportional Integral Derivative

PIXE Particle-Induced X-ray Emission

PMA Perpendicular Magnetic Anisotropy

PSV Pseudo Spin Valve without AFM pinning in the stack
RA Resistance Area product

RBS Rutherford Backscattering

RF Radio Frequency

RKKY Ruderman-Kittel-Kasuya-Yosida interaction
RL Reference Layer in a multilayer device stack
RT Room Temperature (ambient)

RTA Rapid Transfer Annealing

SAF Synthetic Antiferromagnet

SNR Signal to Noise Ratio

SP Spin Polarization

SPM Scanning Probe Microscopy

SQUID-VSM Superconducting Quantum Interference Device
STEM Scanning Transmission Electron Microscopy
STT-RAM Spin Transfer Torque Read And Memory
SV Spin Valve

SZM Structure Zone Model

TMR Tunnel Magnetoresistance

VSM Vibrating Sample Magnetometer

WD Western Digital Corporation

XMCD X-ray Magnetic Circular Dichroism

XRD X-Ray Diffractometry

XRF X-Ray Fluorescence

XRR X-Ray Reflectometry



Nomenclature

Ay absorption factor

n; directional cosine for three directions

« dimensionless damping parameter

c? polarization factor

E g diffusion barrier for adparticles

Egs Ehrlich-Schwobel barrier

Er Fermi level image/profile

Egin kinetic energy

G geometry factor

7 interface spin-scattering asymmetry

I' two magnon scattering strength parameter

AH width of an FMR peak (with indexed origin)

H. coercivity

H, dipolar field from orange peel coupling as described by Néel
H . effective magnetic field vector within a material

H., exchange bias field of an FM in contact with an AFM
H,.s FMR resonance field for a specific applied RF frequency
J1 bilinear coupling strength

J> biquadratic coupling strength

L Lorentz factor

I+ spin diffusion length

Mg effective demagnetizing field

mpx; multiplicity of the plane defined by Miller indices hkl
M, remanence of a magnetic thin film

M saturation magnetization of a magnetic thin film

N4 Avogadro constant

Prase base pressure of a deposition chamber (no gas flow)
Qlekl normalized texture quality factor

R, average of absolute surface height of AFM surface image/profile



R4 root mean square average of height deviation of AFM surface im-

age/profile
R sheet resistance (also termed Ry,; for bottom/top electrode)

R, sum of maximum peak and minimum valley of AFM surface im-
age/profile

f thickness of magnetically dead layer of a magnetic thin film
T, annealing temperature (in- or ex-situ)

Tc Curie temperature

Thi; preferred orientation factor

T, melting temperature

T substrate temperature



Introduction

Half-metallic (HM) ferromagnets attract considerable interest for spin-
filtering applications. However, experimental observation of the half-
metallic state is limited and the critical condition is to retain high spin
polarization (SP) above ambient/room temperature (RT). Heusler com-
pounds such as CopMnSi! (CMS) and Co,FeAl? (CFA) that have high
Curie temperatures are optimal candidates for these ventures. Mg of the
two Heuslers is linked to the crystal structure, which develops generally
as amorph. — A2 — B2 +— L2; with increasing annealing tempera-
ture T,>. Half-metallicity for Heuslers originates from a strong d-band
hybridization of the atoms on sublattice A and C, where the resulting
anti-bonding states cannot couple with the element on sublattice B (see
fig. 1), leading to a gap across the Fermi-level Ep.

CMS?, is a prominent and well studied candidate for tunnel magnetore-
sistance (TMR, see p. 85)°, current perpendicular to plane giant magnetore-
sistance (CPP-GMR)®, spin transfer torque read and memory (STT-RAM)’
spintronic devices and recently a SP of at least 93% has been reported,
even after rather mild annealing procedures®. It furthermore constitutes
a robust half metal that is unaffected by B2 disorder’. However, partial
Co-Mn antisite disorder with increasing annealing temperatures can
give rise to defect scattering in bulk!® and thin films!!, which effec-
tively reduces SP. CMS is the record holder in terms of highest TMR
for Heuslers used in magnetic tunnel junctions (MTJ), i.e. 1995% at 4.2
K and 354% at 290 K'2. The current record holder of Heuslers at RT is
CoyFeAly5Sig 5 with 386% at RT (832% at 9 K)!®, where the films were
grown via molecular beam epitaxy (MBE).

CFA is another prominent Co-based full Heusler and is currently rank-
ing second highest Heusler-based TMR at RT with 360% (785% at
10K)'. B2 and L2 phase have a similar theoretical bulk SP of around
30%?. Strictly speaking, CFA is not a half metal, but exhibits a perfectly
spin-polarized Aq band in the [001] direction, which means that Aq
bands exist for the majority spin but not for the minority spin at Eg'®.
Inomata et al evaluated SP = 0.99 from MgO-MT]Js with Cr-buffered
CFA when applying Julliere’s model'”. This matches with the calculated
band dispersions in the [001] direction and demonstrates the almost
half-metallic nature of CFA. HM Heuslers exhibit the highest magne-
toresistance (MR) ratios for CPP-GMR, which is likely going to be the
next generation type of hard disk drive (HDD) read sensor (see chapter
on p. 93).
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The lattice mismatch of CMS (2= 5.645 A) and CFA (a=5.730 A) with
MgO (a=4.21 A) is -4.9% and —3.8%, respectively'®. This leads to a an
in-plane lattice elongation in (001)-epitaxial thin films, which reduces
the unit cell height, depending on film thickness. Appropriate choice of
underlayers and capping materials can induce strain in the Heusler in
order to optimize the lattice matching with the MgO barrier for TMR ap-
plications. Lattice constants for polycrystalline CFA films are reported
to decrease from 5.700 A to 5.675 A when reducing the thickness from
1000 A to 100 AY. For HDD read sensors, polycrystalline Heusler thin
films have to be developed with the aspiration of achieving comparable
record values as their epitaxial counterparts.

The aim of this work is to portray opportunities and obstacles of
the implementation of highly spin-polarized Heusler compounds into
nanoscale device technologies, specifically devices that utilize CPP-
GMR and TMR. Tunability of this compound class will be demonstrated
by developing a novel quaternary soft-magnetic Heusler Cos_,IryMnSi
and tuning the magnetic anisotropy of the hard-magnetic Mn-Ga based
perpendicularly magnetized Heuslers?’. Fundamental magnetic prop-
erties of these Heuslers will be exposed and related to their growth
mechanisms in thin films. Successful TMR device implementation of
CopMnSi and CopFeAl and a road map for CPP-GMR integration will
be presented.
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Measurement techniques

XRD

X-ray diffractometry (XRD) is a method for identifying the atomic struc-
ture of a compound or molecule. X-rays diffract form the specimen
following an underlying set of physical rules. Let’s start with consid-
ering a unit well where the primitive vectors a, b and ¢ of the crystal
lattice span the unit cell of a compound. Their periodic repetition
constructs the Bravais lattice R = nja + nyb + nzc; nj € Z. The
most common crystal systems are cubic, tetragonal and hexagonal with
a=|a| and c = |c| being the lattice constants of the unit cell. A diffrac-
tion event now follows the Laue condition. It states that the scattering
has to take place in specific directions related to the primitive vectors,
i.e. the scattering vector k has to be equal to a reciprocal lattice vector
Q=hx+ky+Iz; h,k,| € Z. The definition of the reciprocal lattice

vectors is:

x—27t—b><C

~ "Ta(bxb)
cXa

y_27Tb (c x a) (1)
axb

Y Pl

z nc(axb)

Because the Laue condition states that k= Q it is possible to identify
the reflex-contributing Miller indices:

a-k =2mrh
b-k =2k (2)
c-k=2ml

with Miller indices h, k and 1. Geometrically, Miller indices are related
to the distance dyy of parallel lattice planes. The relation depends on
the crystal system:

(h? + k2 +12
% (cubic) (3a)
_d}zlkl — o + 2 (tetragonal) (3b)
4h2 +hk+Kk* 12
\ 5% +5 (hexagonal) (3c)



21p . Brown et al., vol. C,
Springer, 2004, p. 554

Figure 1: Heusler unit cell of the
L2 structure (space group 225).
Sublattice A and C are occupied
by Co (red), while B and D holds
Mn (blue) and Si ( ), respec-
tively.

The Bragg equation is equivalent to the Laue condition, but expresses
the scattering angle Oy vs. the interplanar spacing of lattice planes
d =dyq and relates them to the used X-ray radiation wavelength A:

A =2dpq Sin Opyg. (4)

Both Bragg and Laue equations can be combined to interpret diffraction
data and to extract information by e.g. assigning Miller indices to the
observed reflexes. Cu K, radiation with A =1.541 84 A is used for the
structural analysis of the samples.

Reflex intensities

The intensity of the reflexes relates to the atomic form factor f, which is
the Fourier transform of the spatial electronic charge distribution pe of
the scattering atom. pe equals the square of the electronic wave function.
f can be approximated by a model function with nine coefficients 4, b,
¢ (j=1,2,3) which can be found in crystallographic standard tables?!.

4
f= / pe(r) exp(—iQr)dr ~ Y ajexp (—b]- sin29/)\2> +c (5
at j=1

where r is the location of point charges. In the case of 6 =0 < Q —0,
the integral on the left hand side just runs over the charge distribution,
meaning that for small scattering angles the atomic form factor f equals
the number of electrons, i.e. atomic number Z.

The next step is to extend the integration in eq. 5 over the total charge
contribution of the N atoms in the unit cell in order to obtain the
structure factor F, which is a complex quantity. It sums up the involved
atomic form factors, multiplied with complex phase factor:

N N
F = Z:l /at pe(r) exp(—iQ(r — rn))dr = Z:lfn exp (iQr,) (6)

By introducing fractional atomic coordinates r, = una + vnb + wnc
and using the Laue conditions (eq. 2) one can rewrite eq. 6 to

N
n=1
The total intensity reaching the detector is ultimately proportional to
the product of Fyq and its complex conjugate F},

I |Fhk1|2 (8)

To simulate a full Heusler XRD spectrum, a good start is to sort the
(hkl) reflexes by their position 0y. To do so, list solutions of eqs. 3a-3¢
for the respective lattice and then solve eq. 4 for 6pyy. Some of the
reflexes can already be excluded, since their intensity is zero. In case
of a Heusler this is because the L2 structure can be seen as four inter-
penetrating fcc lattices, each shifted by (a/4, a/4, a/4) relative to
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each other and occupied with 4 atoms of an element A, B, C and D,
exemplified for CopMnSi in fig. 1. Entering the fcc fractional atomic
coordinates (1n,0n,wn; n=1-4)%? into eq. 7 gives real values for all fcc
Fjiq- E.g. for the sublattice that is occupied with element A

4fA  all hkl are even or odd,
Fiy = { f (9)

0 hkl are mixed,

All 4 sublattice form factors can now be added with taking their phase
shift pya(m) = exp [m-i%F(h+k+1)] with m = 0,1,2,3 into ac-
count, which is a consequence of eq. 7:

Fra = F + FaaPha (1) + FgqPra (2) + Fypra(3). (10)

Eq. 8 is applied to obtain the final intensity for the (hkl) reflex.

|Prkt () prra (m)*| = £1 and the sign depends on m and the choice of
h, k and L. This creates multiple combinations, but they can be broken
down into three main cases:

Iua = 16 {( FA - fC)2 + ( B fDﬂ h+k+1is odd, (1)
=16 | (f*+ 1) - (f°+ fD)]z (h+k+/2isodd,  (12)
~ 16 <fA+fC+f‘3+fD)2

Egs. 11-13 demonstrate how an element contributes to a specific L2
reflex intensity. This helps to identify the impact of disorder on I by
swapping the atomic form factors within the equation and it will be the
basis for identifying the minimum ordering from later XRD measure-
ments. The fundamental (004) peak (eq. 13) is unaffected by any type
of disorder within the fcc-sublattices and thus quantifies random A2
order, see fig. 2 for CopMnSi. In a full Heusler, the most electropositive
element?® occupies both sublattices A and C and anti-sites between
these two sublattices do not affect L2 order. Swapping atoms randomly
from sublattices B and D however defines B2 order and this has no influ-
ence on the result of eq. 12, making the (002) reflex intensity unaffected
(only) by B2 order, see fig. 3. The (111) peak (eq. 11) is affected by any
other order than L21. For CopMnSi it increases for Co-Mn anti sites
(lattice B/C), see fig. 4, and decreases for all other disorder types. The
appearance of the (111) peak during the measurement in combination
with high magnetization prove L2 structure, because Co-Mn anti-sites
would drastically reduce the magnetization of the unit cell.

Lastly, the intensity Iy has to be corrected by following some consid-
erations below. The factors in square brackets are only to be used for
the evaluation of randomly oriented (hkl) reflexes of polycrystalline
samples, not for epitaxial growth or fully textured films, as will be
explained.

(h+k+1)/2is even (13)

Iia = |Frial? - Tha - Ag - [mya] - [G] - C2- L - SCF (14)
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22 specifically they are (0, 0,0),
(3,3,0).(3,0,3) and (0, 3, )

Figure 2: A2 (space group 229)
disorder of a full Heusler. The
sublattice is randomly occupied
with Co (red), Mn (blue) and Si

(green).

Figure 3: B2 (space group 221)
disorder of a full Heusler, where
there is random Mn (blue) and Si
( ) occupation on the sublat-
tice B and D. Co (red) is on the
correct Heusler sublattice.

23 T. Graf, C. Felser, and S. S. P.
Parkin, Progress in Solid State
Chemistry 39, 1 (2011), pp. 1-50

Figure 4: X (space group 216) dis-
order of a full Heusler. Co-Mn
anti-sites, Co (red) and Mn (blue),
occupy sublattice B and C.
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Figure 5: normalized Ay illus-
trates the influence of eq. 16 on
the evolution of the relative peak
height with increasing scatter-
ing angle 6. It is shown for dif-
ferent thin film thicknesses with
pcms =1.7+E3 cm ! and is nor-
malized to the value Ay(20 =
20°)

Contribution of atomic thermal vibrations to Fpy;

They effectively displace atoms within the lattice and therefore spatially
extend the electronic charge distribution while reducing coherency. A
temperature-dependent factor is introduced and multiplied with the
atomic form factors f, in eq. 7:

fr = faexp (—871;51112 9//\2) (15)

with 12 being the mean quadratic variation of the atom around its
average position and the diffraction angle 6. This correction is only
relevant for temperature dependent XRD and is set to zero within the
scope of this work since all measurements are performed at RT.

Preferred orientation (texture) Thy;

Random orientation uses a factor Ty =1 for every hkl, but preferred
orientation of specific grains can relatively increase corresponding
Bragg reflexes, which is taken into account by introducing Ty # 1, e.g.
by setting this value to zero in case of an absent peak. On page 37 and
following, the factor ngl is introduced, which resembles the measured
intensity of a reflex (hkl), but multiplied by factor I3, /I, where 2,
is the expected theoretical peak area and I2,,, is the strongest powder
pattern reflex. In the case of a random orientation ngl then would

have the same value for any hkl. Q[ is therefore useful to quantize

0
preferred orientation and ngl = Thu - I“;ax. t is the film thickness
and I9,_, depends only on the measurement settings such chosen slits,
which will be the same for all conducted 260/w scans. It wouldn’t make

physical sense to utilize Ty for epitaxial samples.

X-rays are absorbed in the specimen following the Lambert-Beer law.
The absorption decreases with 6 and is expressed as

Ag=1—exp (— 2t ) (16)

sin 0

with the linear attenuation coefficient i, which depends on the density
of the material and the X-ray energy. Eq. 16 can alter the relative
peak heights of thin films with nanometer thickness considerably when
compared to a powder sample where tlgg Ag=1, see figs. 5.

Lattice multiplicity mpy

Every lattice plane has a number of equivalent planes within the crys-
tal, e.g. the plane ensemble (111), (111) and (111). In fact, there are 8
equivalent planes the add to the (111) reflex intensity, defining it mul-
tiplicity m111 =8. Symmetry-equivalent reflections can be measured
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individually for epitaxial samples in 26/w geometry, but for polycrys-
talline specimen (or samples with partial texture) the diffracted beam
of randomly oriented crystallites is smeared out over a circle. Its inten-
sity scales with my; and has to be multiplied to each (hkl) reflex. E.g.
mopo2 = 6, Mmoo = 12.

Geometry factor G

The circular smearing of the diffraction beam that has been mentioned
when considering multiplicity for polycrystalline samples also has a
geometrical effect: The circumference of the intensity ring scales with
sin 20 and the dilution is inversely proportional. And the density of
scattering vectors Q that lie on the cone scales with cos 6, thus

_cost 1
"~ sin20 2sinf’

(17)
G =1 for single crystals*%.

Polarization factor c?

X-ray tubes emit randomly polarized photons. Therefore there is a J-
and 7t-component of the scattered radiation leading to an angularly
dependent polarization factor

7 1— K+ K- cos?26 - cos? 20y
N 2

(18)

K is the fractional polarization of the beam and 6y is the Bragg-angle
of the Monochromator crystal. K = 0.5 and cos?26y; = 1 for non-
monochromatic radiation.

Lorentz factor L

The Lorentz factor arises from the finite spread of the diffraction cone
width for a polycrystalline sample. Or in other words due to the fact
that the reciprocal lattice does not consist of infinitesimal points in
reality, but is rather smeared out.

1
~ sin26

(19)

Instrumental scaling factor SCF

The SCF is a product of constants such as the volume of the unit cell
and the used X-ray wavelength. It also combines all the instrumental
settings like scan velocity and slit width and is irrelevant for relative
peak height comparison.

Eq. 14 is evaluated for powder samples, random polycrystalline and

epitaxial thin films (t =180 A) for four ordering types L21, X, B2, A2.
The respective peak heights are shown for CMS in fig. 6. In the case

19
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of thin films with pure (hkl) texture, all crystallites are oriented in the
same direction with (hkl) planes (and multiples) parallel to the sample
surface. Thus the factors 1y and G are not effective in eq. 14 for these
particular reflexes, wherefore this case is treated analogously to the
epitaxial case in 20/w geometry.

It 122 ratio [%]

OU‘I

i bulk, powder: *
() f ' (b)
o\o A L21 30 I~ o\o
o o . .
B 3 thin film, T 25 S thin fim,
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Figure 6: calculated XRD peak heights for Heusler compound Co,MnSi in the 20/w geometry with Cu K, radiation. Four
different types of order are shown: L21, B2, A2 and X, as previously introduced. (a) bulk (powder) and random polycrystalline
thin films; (b) epitaxial thin films; all thin films have t =180 A.

XRF

X-ray fluorescence (XRF) is a non-destructive chemical analysis of mate-
rials. An incident X-ray beam (continuous and discrete spectrum of a
single element source, e.g. Rh, W, Mo or others, depending on energy
range needed) ionizes the atoms of the specimen by ejecting one or
more electrons from inner atomic shells which are labeled by a capital
letter (K, L, M, ...). This vacancy is filled with an electron from a higher
orbital, releasing a photon with an energy equal to the difference of the
two orbitals. The energy difference of the two participating orbitals is
indicated by a small greek letter (&, B, 7, ...). Thus the emitted radiation
is characteristic of the atoms present and the respective peak intensi-
ties are proportional to the elemental concentration. The absorption
of X-rays in the sample follows the Lambert-Beer law (see absorption
factor Ap; previously explained in the XRD section) and in the case of
thin films there is a considerable contribution from the substrate, which
has to be accounted for. Choosing different spot sizes results in varying
substrate background signals and calibration has to be performed for
each spot size. The XRF technique can also be used for precise thick-
ness measurements of single- or multilayers by comparing measured
peak heights with the peaks in a spectrum of a thin film with known
thickness. The term fluorescence generally describes the absorption of
electromagnetic radiation of a specific energy and the re-emission of
radiation of a different energy.
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XRR

X-ray reflectometry (XRR) is a non-destructive method to measure
thickness, roughness and density of a single or multilayer thin film
of thickness 1 < t < 10000 A. The angle 6 between incoming beam
and surface is typically smaller than 5°, setting the probed length-scale
as d = A/2sinf, where A is the X-ray wavelength. The incoming
beam gets reflected on the surface due to interference with the thin
film interfaces. The scattering vector k — k, transfer is therefore
perpendicular to the sample surface. The intensity [ is proportional
to the scattering function S(k,) which is the Fourier transform of the
laterally averaged electron density p(z) = (o(x, y, 2) )xy Of the material:

2

S(ky)? = /Otp(z) exp (ik,z)dz (20)

The partial reflected intensity r of a wave on a surface is described by
the resolution function R.

. kz_k() 2
N kZ_kO

(21)

where kg = \/k2 — 1671pr, and 1. being the electron radius. To account
for the roughness, eq. 21 is multiplied by the factor exp(—c?k,/2),
where 0 is the standard deviation of the roughness profile. For the total
intensity, eq. 20 is convoluted with eq. 21 to obtain the intensity I:

/|s V2R (k, — k)dk (22)

Below the critical angle 6. o \/ﬁ of the material there is total reflection,
which limits the angular range for light materials. The interference of
the reflected waves causes Kiessig fringes®® of period Ak, =27 /t. The
amplitude of the fringes increases sensitively with density.

FMR

Ferromagnetic resonance (FMR) is a spectroscopic technique to probe
magnetic properties and spin dynamics of ferromagnetic materials. FMR
arises from the precessional motion of the magnetization in a magnetic
field and for materials that are magnetized in-plane the frequency of
this precession is typically radio frequency (RF). The phenomenological
basis is laid out by the Landau-Lifshitz-Gilbert?® (LLG) equation for a
magnetization M(t) in an effective magnetic field Heg

dd—l\t/l = —7YM X Hegr + MSM X dd—l\t/[ (23)
where 7y is the gyromagnetic ratio in Hz/Oe, « is the dimensionless
damping parameter and M is the saturation magnetization. <y of an
electron includes the g-factor, i.e. y =gup/h. The equation describes
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the precessing motion of M(t), while a damping torque (second term
on the right hand side) is acting perpendicularily on the magnetization
vector which ultimately reduces its angular momentum, see fig. 7. The
resonance condition is governed by Hg and is obtained by minimizing

the total energy
Hegr = 0Ew0t/ M (24)

Eiot 1s a sum of three contributions:

« demagnetization energy: if M has a component along the thin film
normal: Egeyn = ZNDMECOSQI%/[, with the demagnetizing factor D and
Om being the angle of the magnetization with respect to the surface
normal.

« anisotropy energy: is composed of the fourfold (cubic) crystalline and

uniaxial anisotropy K; and Ky, respectively. E,nj = — KTT (zx% + 0(‘21) —
Krad - Ko — KB
magnetization vector in respect to the crystallographic axes. Ké
and KlL are the second and fourth order terms of the perpendicular
anisotropy. K] is the fourfold in-plane magnetocrystalline anisotropy
and Ky, is an optional in-plane uniaxial anisotropy. The anisotropy

field can then be derived as H,pnj = 0E4ni/0M

where «; are directional cosines of the

« Zeeman energy: interaction of the magnetization with the external
field Hy gives rise to E,e = —Hp - M

In-plane configuration (IP)

Ki plays a negligible role in the in-plane configuration, since it scales
with the third power of the perpendicular magnetization component, it
is therefore dropped here.

The directional cosines &; can be parameterized by using polar coor-
dinates for the direction of M and Hj relative to the crystallographic
axis and expressing the motion of M in its own coordinate system
M= (My, My, M;). With this parameterization the differentiation of
the total energy via eq. 24 is possible and gives H¢ which enters the
LLG equation (eq. 23). Furthermore setting M = M¢X + m}lfFj’f + mRFzZ
(small angle approximation My > My, M) leads to set of coupled

equations, that ultimately define the resonance condition®’:

f= %\/ Bt Neff (25)

2K
B =Hp cos (q)M — (PH) +4nDMg —
S
2K{ K
U . .2 B 1
+ M. S (om — @u) + M. [3 + cos 4] (26)
2Ky, 2K
$etf =Hp cos (GDM - §0H) + cos?2 (QDM — (pU) + cos4pm
Mg M
(27)
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Where ¢ and @y are the in-plane angles of M and Hy with the
[001] crystallographic direction, respectively. By assuming a saturated
sample, i.e. M || Hy one may further set ¢y = ¢y = ¢, leading to
cos (pM—on) =1.

Eq. 25 with egs. 26 and 27 are usually applied to epitaxial samples, where
there is an in-plane angular dependency of the anisotropy fields. For
polycrystalline samples simplifications can be made: with an absence
of in-plane uniaxial anisotropy and random in-plane orientation of
the crystallites, the terms in eq. 26 and 27 containing K{; and K} are
no longer dependent on ¢. In this case and with using the resonance
location Hyes, Hy — Hres €q. 25 leads to

f(Hres) — %\/(Hres + 47-[]\/Ieff + HK) (Hres + HK) (28)

with Hx = 2K"/ Ms comprising averaged in-plane anisotropic field
contributions. The values for Hy are typically small and are generally
thickness dependent. The effective demagnetizing field is defined as
ATt Megs =4DM;s—2K5 / M.

In the case of non-zero in-plane anisotopy, the resonance condition can
be recorded for varying in-plane field angles ¢ at fixed frequency f.
For the investigations here it is convenient to choose a frequency for
which the sample is saturated, i.e. M || Hg. 20 GHz is a good choice
for the materials used in this work. Eq. 25, 26 and 27 are rewritten to
express the resonance position versus the in-plane magnetic field angle,
i.e. Hyes (¢), so again with H — Hyes:

oA e

A =B =3 (cos2(p—¢u) = 1) + 337 (cosdep — 1) — 4y

(30)

KU Kl
A+ B =4nMegs+ — (3cos2 (¢ —pu) +1) + (5cosdg +3).
M 2M;
(31)

Additional interface anisotropy at the two interfaces A and B can arise
from the exchange interaction in the case of ultrathin films, and can be
separated from the bulk contribution by performing thickness depen-
dent measurements:

KA KB
K = Kbk 4 —+ (32)

K can be any kind of anisotropy except magnetocrystalline, with K%J
generally being the strongest contribution.
The full width half maximum (FWHM) AH of the resonance peak is
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connected to the damping parameter a via

4o
V3

where the first part denotes the intrinsic Gilbert damping (with the
intrinsic damping parameter &) due to magnon-electron scattering and
AHy\p (f) is the extrinsic broadening connected to two-magnon scat-
tering (2M). The latter arises from weak interactions between the spin-
wave modes that effectively allow energy dissipation of the uniform
precession into other modes?®. Additionally, imperfections generate
the frequency-independent extrinsic contribution AHj,, due to mi-
crostructural differences such as local anisotropies or magnetostriction.
Eddy current damping?’, where random inhomogeneities spread the
linewidth by the superposition of multiple local FMR absorption pro-
files®® is negligible for the thicknesses to be investigated here. The 2M
contribution can be expressed as>!

AH, (f) =

f+ AHy, + AHyy (f) (33)

2
Ay (f) = Tsin”! f2+ (fo/2)" = (fo/2) =

2+ (fo/2) + (fo/2)
where I is the strength of the two-magnon scattering (units are Oe)

and fo=27Meg. This linebroadening type reveals itself when AH (f)
data features a curvature.

Out-of-plane configuration (OP)

The resonance condition again follows eq. 25, but with H and M ori-
ented perpendicularly to the sample surface. The LLG-equation gives
a different set of coupled equations for the components My and Mygz,
that lead to the solution:

2 (Ky — ki)

Betr =H cos (Op — Op) — (47TMeff +
M

> cos 26

(35)

et =H cos (6 — Op1) — (47TMeff + W) cos? Oy
(36)
Now, analogously to K1L in the IP configuration, in the OP case both

the in-plane fourfold K} and in-plane uniaxial anisotropy Kj; have
negligible effect, leading to:

S

2Ki
Begr =H cos (O — Op1) — <47TMeff — Ml ) cos 20 (37)

S

2Ki
et =H cos (6 — Op1) — <47TMeff — Ml ) cos? Oy (38)
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In the case of M || Hy with 6y = 6y = 6, Hy perpendicular to the
sample plane and thus cos y; =0 one obtains from egs. 25, 37 and 38,
and H — Hieg:

Y 2K7
f( es) 27T ( es eff Ms ( )

The OP fit cannot distinguish between the two summands in eq. 39
containing Mg and Kf, since they both contribute linearly. Thus
the unseparated sum is labeled MeLff, which contains KlL and is the
output of the fit to the FMR measurement. The separation of a usually
negligible K1L is accomplished by comparing MeLff with Mg from IP
measurements. For a polycrystalline film one would expect KlL =0, but
in the case of a strong texture there might be a contribution to K- by an
mixed-averaged magnetocrystalline anisotropy>>. Ké is separated from
Mg by measuring Mg via BHLooper or VSM. Thickness-dependent IP
measurements help to separate interface from bulk contribution of KILJ
after eq. 32.

Quenching of the 2M contributions in the OP FMR configuration®* leads
to a simplified expression of eq. 33 for the OP linebroadening

4o
AH|, = —f+AHy | (40)
V3
The superscripted symbols 11 and L for & will be used to indicate the
used measurement configuration (in theory these quantities are the
same).

FMR setup

The FMR system comprises a custom made coplanar microwave guide
designed by Prof. Tim Mewes at the University of Alabama>® and a
RF source that generates up to 40 GHz. The RF signal is fed into a
coplanar waveguide® which creates an RF magnetic field parallel to the
thin film surface. The static field Hy is generated by an electromagnet
(up to 12 kOe). A Gaussmeter is used to monitor the external mag-
netic field. The samples will be measured in saturation. The magnet
is closed-loop-controlled with a LabView program. A lock-in ampli-
fier and Helmholtz-modulation coils®” are used to superpose a small
alternating magnetic field (~ 10 Oe) over Hy in order to increase signal
to noise ratio (SNR) via the lock-in method®®. The setup is sketched in
fig. 8. The FMR output is the derivative of the absorbed power, i.e. the
imaginary part of the magnetic susceptibility dx” /dH, and is fitted to
an asymmetric Lorentzian, which takes coupling between the sample
and the waveguide into account®. Data points can be collected for in-
and out-of-plane geometry (1/L). z=0 is the sample plane.

A special in-plane holder was designed as part of this work that allows
for angular dependent in-plane measurements, see fig. 9. The complete
holder is fixated onto the FMR electromagnet mount. The specimen is
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Figure 8: FMR setup used for the experiments.

then taped with its backside onto the sample stamp. After attaching
the waveguide mount to the waveguide via teflon screws, this stamp
then gently presses the sample onto the waveguide due to an integrated
spring and allows for rotation without losing direct contact. The in-
plane holder can be retracted via a ball bearing slide to move it out of
the way if not needed when using the system for regular in- or out-of
plane measurements.

The data collection is set up to be fully automated and the formulas intro-
duced on page 21 are fitted to the data via MatLab routines. The whole
system has been set up and the control and measurement programs
have been written during the preparation of this work.

closed loop ~
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waveguide
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spring loaded
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ball joint
ball bearing slide

2.500
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g ®
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Figure 9: FMR in-plane rotational add-on that is attached to the magnet mount via a
base plate ( )- A closed-loop stepper motor (purple) on a slidable ball bearing
stage controls the rotation that is translated via a aluminum rod (blue). A ball joint
(blue-gray) accepts minor positioning offsets, prevents jamming and connects it to the
head (magnified on the top right). The thin film sample is attached to a spring loaded
stamp ( ) via double sided tape. Then the head is connected to the waveguide
via the waveguide mount (gray). The spring behind the stamp guarantees that the
sample is always in contact with the waveguide during the rotation as it presses it
gently onto it. Numbers are in inches.
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AFM

Atomic force microscopy (AFM) is a type of scanning probe microscopy
(SPM) and it measures forces between a sharp probe (radius is less than
100 A; supported by flexible cantilever, see fig. 10) and surface atoms
at a distance of ~1 nm. A laser is reflected on the cantilever to record
the motion of the probe, which can be plotted versus its position in a
pseudocolor image. Surface texture describes the repetitive or random
deviation from a flat surface that forms a 3D topography and is not to be
confused with crystallographic texture, which addresses the distribution
of crystallite orientation. Surface texture can be separated into rough-
ness and waviness, where the latter describes long range fluctuations.
Waviness can be evaluated via a length that expresses profile changes
where the shorter roughness characteristics are filtered out. This can
be achieved via Fourier transformation of the roughness profile. There
are different values that measure roughness. Most commonly used are
R;, R, and Ry that each are illustrated in fig. 11 and defined within a
chosen sampling length as:

+ R;: sum of the maximum peak and minimum valley value, measured
from the average height line.

+ Ra: the arithmetic average of the absolute values of the surface height
deviations measured from the mean plane. It is easy to obtain from a
surface profile but makes no distinction between peaks and valleys
and surfaces with different types of undulations are not distinguished.

« Rq: the root mean square average of height deviation taken from the
mean image data plane. Rq is more sensitive then R, towards outlier
values.

BHLooper and VSM

A BHLooper measures flux density B versus field intensity H of a mag-
netic thin film sample. This is achieved by placing the sample into a
sense coil, which senses the magnetic flux of the sample and that is
connected to a voltage amplifier and a analog/digital converter for data
acquisition via PC software. Whole 8" Si-wafers are loaded into the
BHLooper. Two larger Helmholtz coils that generate an external AC
magnetic field (Hmax = 5 kOe, f ~ 1-100 Hz) are aligned along the
same axis as the sense coil. A Hall effect sensor outside of the sense
coil is used to read and control the applied field. Following Faraday’s
law the induced voltage is U= N A dB/dt, where N is the number of
turns and A is the cross-sectional area of the sense coil. Therefore,
integrating U (t) over time t gives the magnetic flux density B.

A wvibrating sample magnetometer (VSM) also uses electromagnetic in-
duction to measure the magnetization of a sample and it consists of an
electromagnet (Hmax =17.5 kOe), a vibration unit with a quartz glass
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sample holder, two small Helmholtz pick-up coils in proximity to the
sample and a field sensor, see fig. 12. The sample with A ~10x10 mm?
is placed in the center of the electromagnet and vibrates perpendicular-
ily to the applied field. This induces an electromagnetic field E in the
pick-up coil and E =3/2KpugMsf, where f is the frequency and K is an
instrument factor which is determined with a calibration measurement
of a standard sample. The output of the VSM is therefore a MH-loop -
in contrast to the BHlooper.

MOKE

The magneto-optic Kerr effect (MOKE) is the change of the polarization
of light when reflected from a magnetized surface. The effect arises
from the off-diagonal components of the dielectric tensor which leads
to an anisotropy of permittivity in the magnetic material. Therefore,
the speed of light depends on the direction and causes a change in
polarization. Linearly polarized light becomes elliptically polarized
and the rotation of the plane of polarization is sensed with a polarizer.
MOKE can be divided into different geometries that are defined by the
direction of the magnetization, i.e. longitudinal, transversal and polar.
The magnetization is measured by a laser and the wafer can be mapped,
allowing for the investigation of gradient wafers. The longitudinal
MOKE at WD measures the magnetization which is parallel to the
surface and the plane of incidence.
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ANELVA sputter system and experimental
methods

ANELVA sputter system

The ANELVA Sputter system is comprised of a cluster of UHV module.
All Heuslers and Ag are sputtered from 4”confocally arranged targets
in a chamber with no stage heating capabilities. All the other materials
are in chambers that utilize 6" targets. Cr, Ti, MgO and IrMn are in
chambers that allow for stage heating. The base pressure of the system is
typically ppase< 3-10~? torr. In-situ thermal treatment without breaking
the vacuum is performed with a heating chamber (ppase < 8-10~? torr;
500°C max) and a rapid transfer annealing (RTA) chamber (ppase <
2 -107? torr; 700°C max). Other modules are a cryogenic cooling and
an ion-sputter etching chamber. All chambers are connected via a fully
automated transfer system that is designed for processing 8" wafers.
RTA allows for in-situ shot anneals with ramp times below 60 s and is
proportional-integral-derivatively (PID) controlled.

DC (co-)sputtering of up to three targets is possible in the main chamber.
The stage has no heating capabilities. However, the chambers equipped
with other elements/compounds used in this work allow for substrate
heating. Three types of substrates have been utilized within the scope
of this work:

Si/SiOy: 8"thermally oxidized Si wafers with typically 300 nm thermal
oxide. Si-wafers are comparably cheap and are preferred for high
throughput investigation purposes. Ultimately it is the goal to
transfer results from Si/SiO, onto AITiC wafers.

AITiC: Aluminium Titanium Carbide is a high price industrial standard
substrate for e.g. hard disk drive (HDD) read head fabrication.
Before the deposition of the sensor film the 8” AITiC wafer is plated
with an ultra-smooth semi-amorphous ~2 pm thick permalloy (Py,
a NiFe compound) film, that will later act as a magnetic shield in the
device. The small Py grains prevent magnetic domain formation
and effectively shield unwanted external stray fields. The wafer is
then treated with Chemical Mechanical Processing (CMP) to obtain
a roughness of about 5 A.

(001)-MgO: 1x1 cm? sized single side polished monocrystalline MgO
substrates with a (001) crystal orientation. These are popular sub-
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strates for epitaxial growth of a manifold of materials, including
Heuslers. In order to enable the system to handle the MgO sub-
strates, they are placed into a 8" AITiC carrier with a specifically
milled 1x1 cm? cutout. However, they cannot be annealed in-situ,
since the infrared sensor-based PID control inside the RTA mon-
itors the wafers temperature from their backside and a lack of
thermal contact between the carrier and substrate would lead to a
temperature overshoot of the latter.

Considerations and limits for industrial implementation

The first obstacle is the temperature tolerance of the Py shield concern-
ing annealing. Unfortunately, post-annealing of the device can lead
to recrystallization and coercivity H, increases, see fig. 13. The upper
shield temperature limit is about Tajric = 325°C for 10 min in-situ
RTA. CMS and CoyFey 4Mng ¢Si (CFMS) both have reported optimal an-
nealing temperatures for increasing L2; crystallization of T, >400°C*
on Cr buffer and T, >450°C for deposition on MgO*!. However, these
studies were utilizing single crystalline MgO substrates and we will
find that XRD peaks will reveal ordering at lower temperatures and
M will show values close to bulk when annealing the films at temper-
atures not significantly higher than 325°C on amorphous substrates
with appropriate seed and buffer layers.

Wafer temperature

Due to the incapability of heating in the main chamber during deposition
it is necessary to develop process routes which only include in/ex-situ
post-annealing. Preheating the wafer prior to transfer into the main
chamber is also possible. The thermal response of both AITiC- and
Si-wafers is very different, which is an issue concerning reproducibility
and the transfer times for each type of substrate has to be taken into
account. There is calibration data available for the cooling of AITiC but
not for Si wafers. Furthermore one has to distinguish between lightly
and heavily doped silicon. Both feature different emissivity spectra,
which will determine their temperature evolution. Supposing that the
wafer has been heated up until the set point of the RTA/heating chamber,
one can connect the Stefan-Boltzmann law with the rate of heat flow
via a differential equation to determine the cooling during transfer:

dT
pcD—- = —E 0T (41)

where p in [g/cm?®] is the wafer density, ¢ specific heat capacity in

[Jg~'K~1], Eo the coefficient describing the efficiency of power loss
by thermal radiation (total emissivity), D the wafer thickness and ¢ the
Stefan-Boltzmann constant. Solving eq. 41 by separating variables and
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then decomposing it into partial fractions, one obtains the solution

1 T+T To+Th (T 1 (To Eett0 3

— |1 —1 2t — | — 2t — || = Tyt

4{“(’[—’5) n(TO—T1>+ ao\n ao\n pcD 1
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with Ty and T7 being the initial temperature of the wafer and the cham-
ber temperature (usually 14°C), respectively. When plotting tempera-
ture versus time T(f), one obtains a cooling curve of the wafer which
will help to estimate the desired transfer time just before starting depo-
sition with a specific temperature or to just estimate the temperature
after a given cool-down time. Here, thermal conduction through the
transfer arm and stage pins of the sputter tool is neglected. The only
unknown coefficient in eq. 42 is Eef, which is obtained for the AITiC
wafer by fitting cooling calibration data. This gives Eq¢ = 0.5 (with
oartic =750 Jkg7'K~1) see fig. 14. This value is a combination of the

600
—O—data: AITiC cooldown from 450°C to 14°C
— fit (AITIC) --> E¢4=0.5
500
—O—data: Si cooldown from 325°C to 145°C
200 - fit (Si) --> E¢4=0.7

——calculated: Si cooldown from 600°C to 14°C with Eg4=0.7

temperature [°C]

o . v v o))
0 100 200 300 400 500 600 700 800 900 1000
time [sec]
Figure 14: cooling curves of Si/SiO; and AlTiC wafers with fits and plots following
eq. 42.

front and the back of an empty wafer. To obtain an estimate for Eq
of Si, an empty Si/SiOp-wafer is heated up in the RTA up until 325°C.
Then the RTA is shut off and the temperature development of the wafer
is recorded. The data is then fitted to eq. 42, where Ef is, aside from
all the other known constants on the right hand side of the equation,
determining the curvature. T resembles the asymptote of the curve,
which in this case is about 145°C - the temperature of the RTA chamber.
This approach gives Eqg = 0.7 for Si (with og; = 700 Jkg 'K~ 1), see
fig. 14. Reports for highly doped silicon support this value*?. Therefore,
this value is used for creating the T () curve for Si/SiO-wafers which
will help to estimate the wafer temperature at any given transfer time.

Gradient wafer deposition

The ANELVA sputter system provides the possibility to turn off rotation
during deposition. In the case of a single (composite) target this allows
for the deposition of a thickness wedge. A small compositional change
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43 XRF measurements on sev-
eral samples (not shown here)
proved that the target distance
as a parameter indeed has neg-
ligible impact on the film com-
position for the materials and
pressure ranges under investi-
gation here.

due to different path lengths of the sputtered particles to the wafers
are neglected here*>. Co-sputtering from multiple targets on the other
hand will lead to a combined composition and thickness gradient since
sputter rates from each target generally differ. In this case it is not pos-
sible to fabricate compositional gradients without a featured thickness
wedge. However, an optimal target configuration will allow for the
minimization of this drawback, i.e. it is recommended to arrange the
targets circularly equidistant to each other to minimize the thickness
gradient.

The composition of the films is measured via XRF as explained on
page 20. Additionally, Rutherford backscattering (RBS) data from stoi-
chiometric films is used to calibrate in-house XRF data. For the compo-
sitional gradient wafers it is impractical to measure multiple spots on
the 8"wafers, since (a) the contracted RBS measurements are expensive
and (b) in-house XRF takes multiple hours if the spot size is reduced
to a feasible diameter of 1 cm. Furthermore, the calibration for XRF is
spot-size dependent: the commonly used diameter of 3 cm results in a
different background signal than for 1 cm. Therefore the local composi-
tion ¢j(x,y) [at%] of an element j across the wafer will be estimated
based on the following framework:

1. The composition and thickness of the gradient wafer is calculated
based on calibrated local deposition rates that will be established
for each target and stage position.

2. The center point of the gradient wafer has the same composition
and thickness as a thin film sample deposited with activated rota-
tion. Therefore the latter will be sent to RBS and the results will
be used to reference the center point of the gradient wafer.

3. the deposit of each target has the same density and composition
as the target and differential sputter rates will be neglected.

In the case of a single phase crystalline target i made up of j different
elements one can express its density as

) NijA;
0 = uc

RTINS (43)
*‘/i uc NA

where Nj; are the atoms of type j per unit cell of the target compound

i, A; is the relative atomic mass of element j, Vi(uc) is the volume of the
unit cell of target material i and N is Avogadro’s constant. It should be
noted that this expression is precise only for targets with homogeneous
density p;.

It is now important to realize that in the case of a co-sputtering process
it would be wrong to simply add the deposition rates of each target.
The deposit of low density targets such as Al contains less atoms per
thickness than denser materials. By simple addition of deposition rates,
their contribution would then be overestimated and Al therefore would
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be underpopulated in the final Heusler phase. Instead, it has to be
calculated how many atoms of element j in relation to all other atoms
reach the substrate. d;(x,y) is the local deposition rate of target i with
respect to the wafer coordinates x and y, where (0,0) describes the
center of the substrate. Now dj(x,y)-Nj;/ Vi(uc) is the rate of atoms
of element j that are deposited on the substrate [s~'cm™2], coming
from target i. And the total rate for atoms reaching the substrate from
target i is di(x, y)-Ni/ Vi(uc), with Nj =} ;. Nj; being the total number
of atoms in the unit cell of the compound of target i. Therefore, the at%
of element j in the film only from target i are

di(x,y) N/ VM Ny
di(x,y)-Ni/ V) Lue Nij

Gi(x,y) = (44)
which is unsurprisingly the same composition as for the target. Extend-
ing this approach to multiple targets with individual phases and thus
different Vi(uc) leads to the elemental composition of the co-sputtered
film

3 di(x,y)-Nig/ V™

(x,y) = - 45
CJ(x y) Zdi(x’y).Ni/‘/i(uc) ( )

Assuming furthermore a linear correlation between sputtering power
P; and deposition rate, which is a first order approximation, allows us
to use a calibrated deposition rate d; at power P; for each target i so
that eq. 46 becomes

Zﬁii({fry) Pi'Nij/V(uC)

- P,
() = 46
CJ(x y) Zdl(f’y)PN/V(uc) ( )
Pi 1 1 i

i

The calibrated deposition rate d; can be derived from a normalized
local deposition rate A;(x,y) =d;(x,y)/d;(0,0) [%], specific for target
i. A reference sample is created by sputtering from target i with no
rotation and A;(x, y) values are obtained via XRR mapping, see fig. 15.
Generally, sample thickness can be extracted either via AFM step height
measurements or XRR. XRR scans are preferred here since it is possible
to map the wafer fully automated with multiple scanning points. The
local deposition rate from target position i for any installed target
is then simply the calibrated and normalized local deposition rates
times the uniform regular deposition rate from a rotating sample, i.e.

di(x,y) = Ai(x,y)-di.
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Figure 15: thickness measure-
ments via XRR on reference
wafer used for the gradient wafer
calculations. The arrow indicates
the position of the target, in this
case Fe.
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Seed layers and texture

The main task for the thin film experimentalist is to control all different
stages of layer growth. Nucleation is influenced by the energetic surface
conditions at the start of deposition and it defines how the subsequent
atomic arrangement will develop, e.g. the direction of the crystal unit
cell or a specific 2D/3D growth mode. This perspective suggests that
the initial stage of thin film growth is ultimately determining the final
result and therefore demands careful preparation and highest attention.
When growing polycrystalline materials onto amorphous substrates
such as Si/SiOy, recrystallization through e.g. annealing will not reori-
ent the deposited crystallites, contrary to the use of single crystalline
substrates, such as (001)-MgO, which will act as a template and render
recrystallization possible.

Standard scientific approach towards exploiting the properties of var-
ious materials is high quality epitaxial growth. However, standard
industrial production typically uses semi-amorphous substrates (poly-
crystalline with amorphous separation layer, e.g. am.-Ta) and the trans-
fer of results from epitaxial samples is deemed tough. A change of
substrate will alter experimental conditions and thus will shift the thin
film growth optimum regarding parameter space. Utilizing differing
laboratory frameworks is the most prominent reason for the variation
of experimental results for magnetoresistance (MR) utilizing Heusler
materials as ferromagnetic (FM) layers in spin-valves (SV) and MT]Js.

A few concepts of thin film growth have to be taken into account in
order to plan the choice of seed and buffer layers and to generally under-
stand the crucial variables of the experiment. The structure zone model
and Ehrlich-Schwobel barrier will be explained in the oncoming next
sections, which will elucidate some important aspects in the growth
evolution of thin films.

Structure zone model

Ultimately, the final texture depends on the orientation of the nuclei
at the early growth stage. This can be understood by considering the
extended structure zone model (SZM) and the impact of faceting on
the evolution of texture. Mahieu et al** gives a good overview for
the zones used in the SZM. It essentially categorizes thin films growth
types by the fundamental dependency of their main driving parameters
on surface conditions. These are sticking coefficient, surface mobility,
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Figure 16: schematic evolution
of crystallographic plane growth.
Plane A has a higher growth rate
than B, which creates a B-faceted
grain.

substrate

Figure 17: faceted, columnar
and random texture of zone Ic
growth.

substrate

Figure 18: zone T, (top):
anisotropy in growth rate
leads to V-shaped and facetted
columns. This is possible
because of allowed intergranular
diffusion and grain growth com-
petition; (bottom): magnification
of the gray circled region from
the top sketch, where an adatom
(red) is able to diffuse from grain
B (blue line) to grain A (

line). Both grains grew from
differently oriented nuclei (blue
and ) which are however
terminated by the same facets,
giving A the faster perpendicular
growth rate. A grain boundary
is formed in the process (green).

re-sputtering and impurities. The first two generally depend on:

« temperature, often given as ratio of substrate temperature to melting
point Tg/Tyy;

« deposition rate, which can trap and bury adatoms and therefore coun-
teract the mobilizing effect of temperature;

« kinetic energy of the impinging particles;

« nearest neighbors: the larger the number of dangling bonds (or nearest
neighbors) - the higher the sticking coefficient®
bility is inversely proportional to the number of nearest neighbors as
an increasing potential well reduces the mobility on a specific crystal-
lographic plane*. This results in a perpendicular growth anisotropy
for different planes. This concept is also applicable to vacancy diffu-
sion and will be important for defining the Ehrlich-Schwdbel barrier

. Thus the adatom mo-

later.

The structure zones are labeled Ia, Ib, Ic, T and II, with an increase of
thermal energy in that order. Faceting starts in zone Ic, where ther-
mally induced mobility enables adatoms to nucleate by overcoming the
diffusion barrier Egjf, allowing the adatom to move across different
types of surface planes. Then, from a geometrical argument, grains will
be terminated by planes providing highest adatom mobility and thus
lowest crystallographic growth rate, see fig. 16. Because the mobility is
not high enough to allow for diffusion from grain to grain, no competi-
tive overgrowing takes place and the final film in the Ic zone consists
of randomly oriented columns separated by grain boundaries with a
faceted termination, see fig. 17.

Preferential orientation can be found in zone T and higher, where
inter-granular diffusion leads to overgrowing, as depicted in fig. 18.
This can be understood in the following way: imagine a set of randomly
oriented nuclei that are already fully faceted, with the result that now
all of these nuclei are terminated with the same facet type which fea-
tured the slowest growth rate. Geometrically, the fastest growth rate
perpendicular to the substrate is now dominated by facets that are tilted
towards the substrate plane. The most tilted facets thus will overgrow
the flat ones. V-shaped faceted, polycrystalline columns are created
and a change of texture with increasing thickness is possible. Zone T is
generally active in the temperature interval 0.2 <T,/Ty, < 0.4%7, while
zone II is above 0.4T,.

Ag as an example crystallizes fcc and the plane with the highest packing
density and lowest surface energy is (111), which makes it the fastest
growing plane. Therefore, following the SZM, the [111] direction is the
generally preferred orientation in zone T which is within 250—500K for
Ag (T, =1235K). The high Ag-adatom mobility can be reduced e.g. by
introducing monolayers of Sn*®. This however can sacrifice preferential
orientation. Cr crystallizes bee, wherefore the [011] is the fastest grow-
ing plane and (011) the preferred orientation for Zone T which is within
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about 440—1100K for Cr (T, =2180K). For Cr however, (001)-texture
can be achieved within this temperature range. This is due to another
mechanism, which leads to a preferential (001) island formation over
(011), wherefore overgrowing by (011) is simply prevented by a lack
of such islands before impingement. The reason for preferred (001)-
oriented nucleation is because as increasing temperature is promoting
surface diffusion, the critical size of nuclei is drastically increased while
their formation rate is decreased. The Cr film thus maintains an is-
landlike character with increasing thickness. The total surface energy
for equiaxed islands is then minimal if the (001)-plane is parallel to
the surface while (011) with minimal energy covers the sides*’. The
same argument holds for Ag thin films, where island agglomeration
within zone T is even more drastical. In the case of Ag, (001)-oriented
nuclei with (111) sides are actually prominent before coalescence®® and
(111)-texture will dominate only for thicker films due to overgrowth.
The main problem of manufacturing ultrathin (001)-textured Ag films
is heavy 3D-island growth which calls for surfactant materials, like Ti*!,
which will be discussed later.

Ehrlich-Schwabel barrier

Essentially the SZM is the result of how adparticles and vacancies
occupy energetic states on the thin film surface with respect to geomet-
ric boundary conditions, such as terrace dimensions or step facetting.
When an adatom (it can also be an ion or molecule) arrives at the sur-
face with kinetic energy Ey,, it is confronted with a periodic set of
potentials of the neighboring atoms. By overcoming the diffusion bar-
rier Egi that is specific to the surface material the adatom achieves
mobility. However, at the edge of a terrace the energy potential is dis-
torted and the adatom has to overcome an additional barrier in order
to descend or ascend the step. It is termed Ehrlich-Schwobel barrier>?
Egs and is defined as the difference between the activation energy to
overcome the step edge potential wall Eg and the diffusion barrier E g,
i.e. Egg= Eg— Egjfs, see fig. 19. In the case Egif < kpT < Ep diffusion
between existing nuclei/terraces is blocked which results in 3D growth
and island formation. Egg is active for both adatoms and vacancies
and generally has different values for both. The nature of inter-atomic
forces on surfaces is however complicated and the dominance of adatom
or vacancy transport is difficult to predict>>. When discussing island
formation it also has to be taken into account that islands themselves
can diffuse on the surface®.

Taking these considerations into account leads to the conclusion that
both structure and surface morphology of a thin film are determined in
the very beginning of the growth and therefore highly dependent on
the underlayers.
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Controlling and tuning texture

For the sake of simplicity, stacks will have the following nomenclature
throughout this thesis: [...]xA/yB/zC[...], where x, y, z are the individual
thicknesses in A of the respective materials A, B, C. The substrate type
will be noted on the left hand side of the stack. Annealing steps and
other deposition parameters will be denoted in each individual case.
There are numerous reports on seed and buffer® layer combinations
that promote textured growth of Heusler compounds. The first re-
ported oriented CMS thin films had a (011)-texture obtained with a V
seed>®. However, only the (001) interface preserves half-metallicity of
CMS>’, which explains the generally higher TMR for this orientation.
For GMR, the (001)-orientation can serve for a better interface and band
structure matching and can thus lead a higher MR due to an increased
interface spin-scattering asymmetry 7y (see CPP-GMR section)®, espe-
cially when choosing Ag as spacer material®®. This created the need for
(001)-textured films on amorphous substrates. The control of the (001)-
textured Heusler growth is therefore a necessary step for a successful
integration into a TMR or CPP-GMR device.
Roughly within the last 20 years, research on controlled textural growth
of (001)-FePt for high perpendicular magnetic ansiotropic (PMA) record-
ing media lead to the discovery of a variety of seed and buffer materials
for ultrathin films. It was found that 20-200 A MgO seed layers on glass
substrates would generate the best (001)-texture® (apart from epitaxial
growth). Other efforts include oxidized NiTa seeds®!.
CrRu as seed has been reported to introduce a high PMA of 1.8 Merg/cc
for (001) FePt films®? and 2.2 Merg/cc for CoCrPt:C granular media®?.
There are also reports on preparing TiN for (001)-texture of Heuslers
(CMS®*). However, the (001)-texture can also be achieved with Cr on
glass substrates and adjusted sputter parameters.
Here, a variety of different seed combinations is investigated where the
resulting texture is monitored via the crystalline quality of a Cr detector
layer (ac, =2.88 A), which can later be used as a buffer for the Heusler
layers. The amount of (hkl)-texture is quantified by a normalized rel-
ative texture quality factor ngl’ which helps to quantify the results
within this work:

0

I _
ngl = Ihkl . ;r(;ax -t 1[CpS/A] (47)

hkl

where Iy is the integrated measured peak intensity of reflex (hkl), I}?kl
is its theoretical value and I0 is the theoretical value of the most
dominant reflex, i.e. (011) for bee and (111) for fcc metals. ¢ is film
thickness. The scaling to the predominant reflex intensity serves for a
better qualitative comparison between e.g. a (011) and (001)-texture of
the same material. A higher Q},, in general denotes a better texture.
Since Qﬁkl serves a relative quantification purpose, its units will be

dropped from here on. The following requirements are set upon the
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development of the seed layers on amorphous substrates:

+ Generally deliver optimal thin film properties, such as Mg and damp-
ing «, as compared to other (reported) substrates or seed/buffer com-
binations.

« Provide a strong texture with a reasonable roughness to prevent un-
wanted pinhole formation or exchange coupling. The latter would
effectively disturb the /|| configuration of the bottom to top ferro-
magnet (FMp, and FMy) and have implications on the dynamic response
of the device.

« Ultimately present a route to transition from Si/SiO; to AITiC wafers
while maintaining the film properties.

Sputter rates A [A/s] for CoggFeoB2g (CoFeB), CMS, Cr, IrogMngg (IrMn),
MgO, Ru, Ta, Tiare 0.7, 0.3, 0.3, 0.1, 0.01, 0.4, 1.2, 0.2 respectively. For
all films the substrate temperature T is at ambient conditions during
deposition, except for Cr and IrMn: Tg =185°C.

High-RA and low-RA seeds

The developed seed layers will be categorized into two types, i.e. by
the magnitude of their resistance area product (RA): high—-RA and
low-RA, where the former contain an insulator (MgO) and the latter
don’t. During the texture investigations of this work it has been con-
firmed, that ng is largest, when a thin layer of MgO is introduced
into the seed. However, ultimately CPP-GMR devices typically have
RA~ 0.05 mez, which limits the utilization of oxides within the
stack. Both ng and RA sensitively depend on the thickness fy1g0 of
the inserted MgO within the range 0-10A. RA vs. tmgo follows an
exponential increase®® and is generally sensitive to the type of material
of the adjacent layers. Fig. 20 shows the relation between measured
RA and MgO thickness on a double wedge wafer measured by CIPT,
with MgO being sandwiched between CoFeB (the purpose of that will
be explained later on) and Cr. RA exponentially increases after about
four monolayers of MgO, while ng increases linearly. Therefore a
trade-off situation presents itself, where high (low) Q(T)Ol leads to high
(low) RA, respectively. This situation calls for the development of a
seed system free of oxides to obtain the (001)-texture. Conclusively,
the following seed layers have been developed within the scope of this
work:

(001) high-RA: Early TMR stacks generally featured RA ~ 1 kQum?
or higher®®. Modern TMR devices however exhibit RA ~ 1 Qum?. A
thin MgO seed on amorphous substrates generates the (001)-texture
for Cr-buffered Heusler. However, from fig. 20 it follows, that the MgO
thickness has to be kept below 9 A for RA < 0.5 Qum?, which is thinner
than in the previously cited reports. Of course, a thick MgO seed can
be deposited to generate highest ng, but this creates the demand of
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a subsequent thick bottom electrode, i.e. ~300 A for a low-p material
like Ag or Cu. This will result in very thick and rough stacks, which
will have detrimental impact on the device performance®’.

All following films are annealed via RTA at 325°C for 600 seconds,
unless noted otherwise. In this thesis, 10 A MgO grown onto a Si/SiO5-
wafer does not lead to any distinct (001)-texture, see fig. 21. Further-
more, there is a MgO-thickness dependence of the magnetization and
coercivity of CMS when annealed at rather low annealing tempera-
tures, like 325°C as shown in fig. 22. Providing better adhesion with
amorphous Ta (am.-Ta) seed under the MgO improves the texture only
incrementally. A 20 A Ti seed just before MgO however leads to an

increase in Q(T)or see fig. 21. To even further improve the (001)-texture,

— 10MgO/150Cr 20Ti/10MgO/150Cr — 30Ta/10MgO/150Cr
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Figure 21: 20/w XRD scan: a seed layer combination has to be chosen in order to

obtain reasonable (001)-texture with an ultrathin 10A layer of MgO. Films are grown
on a Si/SiO,-wafer. The reflex around 33° is from the substrate.

a CoFeB/MgO combination is introduced. CoFeB is amorphous when de-
posited at RT, but will start to crystallize when annealed at T, >250°C,
with the optimal temperature ultimately depending on the thickness.
MgO is reported to promote the crystallization of CoFe (out of amor-
phous CoFeB) due to a template effect®®, i.e. the formation of nucleation
sites for CoFe grains. During the crystallization, Boron will partly
diffuse into adjacent layers, but preferably not into MgO®® (however,
elsewhere it has been reported to form Boron oxide’). A very smooth
and well matched interface between MgO and CoFeB is created with
little concentration of B (~1%) in CoFe’!. In a seed layer perspective
the CoFeB layer acts here as a (001)-volume extension, promoting better
(001) growth for the Cr buffer on MgO. Furthermore it prevents the
formation of amorphous MgO, which is known for depositing MgO
directly onto SiO,72. Thus Q,, for Si02/MgO/150Cr can be increased
from 6 to 16 when introducing only 5 A of CoFeB just before 10 A MgO
(fig. 23), with a proportional effect when using thinner MgO. Addition-
ally, 20 A Ti or 30 A am.-Ta below CoFeB serve as an adhesion layer
for CoFeB and support the annealing-induced template crystallization
of CoFeB and MgO. With Ti instead of Ta insertion, ng is further
increased by about 50% for tcores =3 A, see fig. 23. CoFeB is reported
to have an amorphization effect on Ti, while exhibiting a reduced crys-
tallization temperature with adjacent Ti’>. This has two positive effects:
(a) better (001) MgO layer thermal stability during hot-Cr deposition
due to the extension of amorphous seed (no additional strain exerted
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on MgO from Ti/CoFeB layers below) and (b) improved CoFe-MgO
template crystallization. It is reported that Ti also supports (001) ori-
entation for fcc Co/Cu multilayers and the large adhesion energy for
Ti’* promotes a smoother film growth. It is pointed out that CoFeB is
non-magnetic if its thickness is below 4.2 A and shows PMA for the
CoFeB/MgO combination in the range [4.2, 12] A7. Because for 6 A
CoFeB its PMA is destroyed at T,>300°C, the developed CoFeB/MgO
seed combination is non-magnetic. Fig. 24 shows the HRTEM image
for a Ti/CoFeB/MgO/Cr combination with additional Ag and CMS as
successive layers that follow the (001)-texture (in the case of Ag with
a 45° in-plane unit cell rotation’®, a Ag = 4.085 A). One can clearly see
the smooth and highly ordered CoFeB/MgO combination. The CoFeB-
and MgO-thickness dependence of Q(; is furthermore investigated
via thickness-wedges while RA < 0.6 Qum?. The largest ng =23.6
is found for 12CoFeB/10MgO, see fig. 25. Modern magnetic read and
memory (MRAM) MTJs”” with up to RA ~ 1 MOum? are perfect candi-
dates for the high-RA seed/buffer combinations developed here, which
allow for an even thicker MgO seed layer.
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Figure 23: 20/w XRD scan: the
CoFeB combination gives supe-
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Figure 24: HRTEM cross section of Ti/CoFeB/MgO see

(001) columnar texture. Numbers are in A.
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Figure 25: ng of a 150 A thick Cr film for different CoFeB- and MgO-seed thickness

combinations. All films are post-annealed at 325°C for 600 seconds except points
with a red outline (2400 seconds). The longer annealing time does not necessarily

guarantee better ng. In a case in which a magnetic CoFeB seed is detrimental to the
targeted application one has to stay below the critical thickness for the CoFeB seed,

which is 4.2 A. Since the rotation of the substrate was turned off in order to obtain
thickness gradients, deposition conditions were slightly different than for samples of

the results from fig.23, i.e. here ng tends to be even more enhanced.

(001) low-RA: Cr is known to grow mainly (011) or (001) on amor-
phous substrates, sensitively depending upon the deposition param-
eters: growing Cr directly onto am.-Ta leads to a mixed texture with
dominating (011), but also can lead to a pure (001)-texture at elevated
temperatures as previously discussed, compare figs. 26 and 27. The key
here is the deposition temperature T of Cr, where it is reported that
Ts > 250°C can generate (001)-texture’®. ng is found to be highest
for Ts ~185°C. It is important to notice that Cr enters Zone T of the
SZM at this temperature, meaning that intergranular diffusion is ac-
tive which supports textured and columnar growth. Further improved
(001)-texture on SiO, can be generated by utilizing a simple Ti seed,
see fig. 26.

—20Ti/300Cr/20Ru —230Ta/5CoFeB/20Ti/300Cr/20Ru
——30Ta/20Ti/300Cr/20Ru ——30Ta/300Cr/20Ru
=
S,
[}
(o}
o
(@]
o©
I
30 40 Cr (011) 50 60 Cr (002)
2theta [°]

Figure 26: 20/w XRD scan: different low-RA seed+buffer combinations on Si/SiOp
with Cr deposited at 185°C. For Ta this leads to degraded (001)-texture ( ). With
Ti inserted between Ta and Cr a mixed (011)/(001)-texture evolves (red). A thin CoFeB
insertion (blue) finally generates the same texture as on Si/SiO; (black).

(011) bufferless low-RA: There are several reported materials that
generate a strong (011)-texture for Heusler materials, for example the
previously mentioned V. Also, 30 A am.-Ta lead to a strong (011)-texture.
An additional layer of 20 A Ru onto a Ta seed increases QJ,; of Cr by
450% towards 18. Subsequent deposition of 20 A Ti analogously to the
(001)-textured version shows no further effect, see fig. 27.
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Figure 27: 26/w XRD scan: low-RA (011)-textured seed with Cr deposited at 185°C,
except for 30Ta/300Cr/20Ru where it is grown at RT: the Ta/Ru combination provides
the strongest (011)-texture for Cr buffers. There is no change when using Ti.

Transition from Si/SiO, to AITiC wafers

For the AITiC wafer an ultrathin am.-Ta separation layer (t ~10A) is
sufficient to eliminate the influence of the NiFe shield on the thin film
growth. The starting point from this AITiC/NiFe/am.-Ta is however
different from the Si/SiO, situation. Differing surface tension and wetta-
bility of insulators such as SiO; or MgO when compared to metals such
as Ta affect the nucleation and growth mode. To match the conditions
on the AITiC wafer for a later transfer of the deposition process Si/SiO;
— AITiC, 30 A amorphous Ta are deposited onto Si/SiO, which how-
ever ultimately change the texture of the complete stack as compared
to w/o Ta. The resulting ng is therefore not optimized for the AlTiC
substrate and it is necessary to restore the previously generated Si/SiO-
wafer-based textures on Si/SiO»/am.-Ta:

(001) high-RA on AITiC: We will find for the low-RA that a CoFeB
insertion after am.-Ta is sufficient to restore the texture. Since CoFeB
is sputtered before MgO in the high-RA case, a am.-Ta/CoFeB/MgO
combination provides highest (001)-texture on AITiC.

(001) low-RA on AITiC: inserting Ta below 20 A Ti - the best (001)
seed obtained on Si/SiO; - leads to degraded (011)-texture. To re-
store ng (as compared to deposited on Si/SiO,), the combination
am.-Ta/CoFeB/Ti is introduced. An insertion of amorphous 5A CoFeB
is sufficient to match the texture of the same films on Si/SiO; and leads
to the highest ng. This approach even slightly increases ng on
Si/Si0; (fig. 26) and gives a smoother film surface (AFM in fig. 28).
Imaging via high resolution transmission electron microscopy (HRTEM)
in fig. 75 (later chapter) shows such a Ta/CoFeB/Ti/Cr combination with
a Heusler film on top on Si/SiO».

(011) low-RA on AITiC: since the starting point for this texture on
Si/SiO, wafers is am.-Ta, a change to AITiC substrate will not affect it.

Tab. 1 summarizes all the different seed combinations and their re-
sulting texture. Note, that high-RA seeds use only 150 A Cr buffer,
whereas the low-RA types use 300 A Cr in this investigation. AFM
images of selected seed+buffer systems are shown in fig. 28, where it is
noticeable that different seed layers have a varying impact on the Cr
morphology and grain size.
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Table 1: seed/buffer layer combinations deposited on Si/SiO; substrates. The line
separates seed types w/o (top) and with (bottom) MgO (low-RA and high-RA, re-
spectively). The numbers in squared brackets denote thickness values or ranges. ngl
for Cr is evaluated following eq. 47 and (hkl)* denotes the dominating orientation in
case of a mixed (001)/(011)-texture. All Cr layers are deposited at 185°C, except in

the case for the 20 A Ta seed that leads to (011)-texture, where it is deposited at RT.
Bold numbers denote best values.

seed system [A] Cr [A] texture ngl AFM
- [150] (011) 0 -
Ti [20] [300]  (001) 12 (a)
Ta [20] [300]  (001) 4 -
Ta [20] [300] (011) 2 -
Ta/Ti [20/20] [300] (011)* 2 -
Ta/Ru [20/20] [300] (011) 18 (b)
Ta/Ru/Ti [20/20/20] [300] (011) 18 (c)
Ta/CoFeB/Ru [20/20/20] [300] (011) 11 -
Ta/CoFeB/Ti [30/5/20] [300]  (001) 13 (d)
MgO [10] [150]  (001) 8 (e)
Ta/MgO [20/10] [150]  (001) 3 -
Ti/MgO [20/10] [150]  (001) 6 -
Ti/CoFeB/MgO [20/2-13/6-10] [150] (001) 2-24  (f)

(a) (b) (c) (d) (e) (f)
3.4/2.7 7.6/6.2 8.8/7.1 2.5/2.0 15.9/12.5 3.7/2.8
R/R, [A] scale: "o 500 nm

Figure 28: AFM images of the seed types as denoted in tab. 1. The numbers at the top denote the depth profile minimum
and maximum (their difference is therefore R;). The roughness values Rq/R, are at the bottom. The thicknesses for (f) are

20Ti/5CoFeB/10MgO.
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Engineering ultrasmooth thin films

Apart from tuning texture, minimized nanoscale roughness for seed/buffer
layer combinations is important. This requirement extends further into
the stack, especially atomic smoothness of the ferromagnet/non-magnet
(FM/NM) interface is a crucial condition for GMR and TMR device
performance. The following agenda needs to be addressed in order to
obtain a feasible spacer for CPP-GMR devices:

« reduction of grain size and roughness
« decrease of interlayer exchange coupling
« maintaining a long spin-diffusion length ;s > 10 nm

A prominent material used as spacer layer for CPP-GMR is Ag (see later
chapter on page 93). Ag thin films tend to exhibit rough surfaces due to
poor wettability (especially on glass) and agglomeration’® that can be
described by vacancy and adatom distribution models. When used as a
spacer layer this can give rise to increased interlayer or pinhole coupling,
which is detrimental to an independent switching of the FM layers. The
problem of sputtering atomically smooth Ag ultrathin films complicates
its utilization for novel applications (owing to its advantageous electric
and optical properties) for decades. The activation energy of grain
growth for Ag is comparable to the surface diffusion energy®’. Thus
grain evolution for Ag is dominated by surface diffusion mass transport
and leads to a Volmer-Weber®! growth mode with agglomeration which
worsens during thermal processing. Furthermore, the Ehrlich-Schwdbel
barrier for vacancies on step edges is very high, which produces a
downhill vacancy current or a corresponding uphill mass current and
promotes pitting and mounding. The step-attachment barrier Euy is
the energy difference of a diffusing surface adatom (or vacancy) on an
upper terrace to an adatom (or vacancy) that is attached to a downward
edge of that same terrace (prior to descending). For both (001) and
(111) Ag surfaces there is a large discrepancy for E,¢ of vacancies and
adatoms, meaning that there is a preferred downflow of vacancies and
upflow (clustering) of adatoms. This clustering effect is more dramatic
for (001)- than for (111)-textured Ag films, because in addition to E,tt
the ascent of adatoms from a lower terrace up is energetically favored
by a factor of 3 for (001) as compared to (111)%2

Ag roughness on high ng low-R A seed/buffer

50 A thick Ag films are deposited onto the low-RA seed + Cr buffer
combination which gave the highest ng, see tab. 1, on both Si/SiO,
and AITiC, to investigate their morphology. Ultimately, the aim is to
stride towards CPP-GMR implementation by offering low RA and using
the most suitable buffer materials for Heuslers. Specifically terminating
the buffer with Ag is important to prevent detrimental Cr diffusion into
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the Heusler®.

Before the deposition of Ag, the AITiC wafer temperature can be re-
duced below RT via an in-situ cryogenic cooling module. Temperature
is the primary parameter in the SZM and different temperatures will
render specific mobilities. This makes it possible to move to Zone Ic
by reducing the thermal activation of Ag adatoms. It has to be taken
into account that the wafer warms up during transfer and its tem-
perature at the start of Ag deposition should be calculated via eq. 42.
Cryo-deposition will not be conducted on Si/SiO, since the low thermal
capacity of Si will lead to an accelerated warm-up during transfer as
compared to AlTiC and may lead to incomparable and unreproducible
results. Some of the samples are in-situ post-annealed just after the
Ag deposition in order to trigger recrystallization. The final stacks are
capped with 20 A Ru. A sample ID is assigned and a summary is given
in tab. 2. Sample S5 is the roughness reference on Si/SiOp without Ag.

Table 2: 50A thick Ag thin film are deposited using the (001) low-RA seed
30Ta/10CoFeB/20Ti/150Cr. The Cr buffer is grown at 185°C. The stacks are identical,
but they differ in substrate type, deposition temperature and in-situ annealing treat-
ment. T, T, are substrate temperature at start of Ag deposition and in-situ annealing
temperature after Ag deposition, respectively. The corresponding AFM scans are
shown in fig. 29.

sample ID  substrate T [°C] comment

S1 Si/SiO; RT T,=410

S2 Si/Si0, RT T,=325

S3 Si/Si0, RT T,=150

54 Si/Si0y RT no anneal after Ag
S5 Si/Si0; RT no Ag, reference
Al AlTiC RT no Ag, reference
A2 AITiC —45  no anneal after Ag
A3 AITiC —125 no anneal after Ag

Fig. 29 shows the corresponding AFM images. Post-annealing between
150—410°C (sample S1-S3), leads to considerable agglomeration of Ag.
The resulting clusters have increased height with higher temperature
and recrystallization is inevitably linked to 3D growth, which thereby
partially exposes Cr. This can be seen by comparing similar roughness
contrasts of particular regions of S2, S3 and S5 in fig. 29. Deposition of
Ag at RT (sample S4) leads to a smaller lateral cluster size of ~30 nm
and a height of ~ 10 nm. Sample Al is the roughness reference (no
Ag) on AITiC. It is about three times as rough as the analogous sample
S5 on Si/SiO,. However, cryo-deposition on AITiC at Ty = -125°C
helps to achieve a minimal roughness for Ag. The capabilities of the
ANELVA sputter system allow for deposition as low as Ty = -140°C,
which potentially will lead to even smoother Ag films.
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Figure 29: samples as depicted in tab. 2. The numbers within the images denote the AFM measurement ranges, which are
also expressed in the contrast of the images. Below the images are the values Rq and R,. The colored letters represent
the corresponding scale used for a particular image. The green lines denote cross sections that are collectively graphed in
the lower right graph. Exceptionally tall islands that comprise most of the deposited Ag form as a result of agglomeration
exhibit larger dimensions with increasing annealing temperature. Cryo-deposition of Ag on AITiC substrate shows little
improvement in roughness parameters Rq and Ra, but overall leads to larger islands and decreased clustering.

47



84 M. Kawamura et al., Vacuum
87 (2013), pp. 222-226

855 R. Akepati, H.1 Cho, and
K. Lee, Electronic Mat. Lett. 9, 2
(2013), pp. 231-235

86 3. C.Read et al., J. Appl.
Physics 118, 4, 043907 (2015)

87 H. Narisawa, T. Kubota, and
K. Takanashi, Appl. Phys. Ex-
press 8, 11 (2015), p- 119201

88 M. Kawamura et al., Vacuum
87 (2013), pp. 222-226

89°Q. Yang et al., Phys. Rev. Lett.
72 (20 1994), pp. 3274-3277

%0 J. Bass and W. P. Pratt, 7.
Phys.: Condens. Matter 19, 18
(2007), p- 183201

1 Z. Yeongseok, H. Han, and
T. L. Alford, 7. Appl. Physics
102, 8, 083548 (2007)

%2 H. C. Kim, N. D. Theodore,
and T. L. Alford, J. Appl. Physics
95, 9 (2004), pp- 5180-5188,

H. C. Kim et al., Mat. Research
Soc. Symp. Proc. Ed. by RJ.
Carter et al., vol. 812, link, 2004,
pp- 209-214, K. Sugawara et al.,
Vacuum 83, 3 (2008), pp. 610—
613

9 W. Zou et al., Mat. Res. Soc.
Symp. Proc. 674 (2001), T1.5.1

4 N. Formica et al., ACS Appl.
Mat. & Interfaces 5, 8 (2013),
pp. 3048-3053

Ag roughness on high ng high-RA seed/buffer

Apart from a comparably thin insertion of 50 A Ag between Cr and
the Heusler for the low-RA system, thicker Ag film of ~ 300 A are
needed for the high-R A system in order to provide a reasonable bottom
electrode resistance for e.g. a CPP-GMR device (see chapter on p. 93).
Therefore the morphology of thicker Ag thin films is investigated for
the high-RA seed combination 20Ti/5CoFeB/20MgO on Si/SiO, which
resulted in the highest (001) orientation and lowest roughness, see tab. 1
and fig. 28 (f). Ag films are grown at RT, unless specified otherwise. All
samples are listed for comparison in tab. 3. The texture drastically de-
grades whenever the Cr buffer is not included. Ti as underlayer and cap
has been reported to dramatically reduce Ag agglomeration, even under
elevated temperatures®®. Other underlayer types that increase wettabil-
ity by decreasing interface energy and therefore reducing roughness
are TaN® . Utilizing a 20 A Ti seed generates the desired (001)-texture
and reduces roughness notably, but the thin film has inferior crys-
tallinity. The best (001)-texture is still obtained with an underlying Cr
buffer. However, the surface exhibits significant roughness due to Ag
3D growth, as it has been explained and demonstrated in the previous
section. Cryo-deposition helped to reduce the roughness for 50 A thick
Ag films, but there have also been successful reports on increasing Ag
film smoothness by adding impurities (< 10 at%) to Ag, i.e. Sn3¢, Mg®’
or Ti®8. While this increases the resistivity, some elemental impurities
retain a long spin diffusion length I of the alloy, such as Sn, Mn and Pt%,
which makes these combinations a feasible candidate for CPP-GMR
spacer materials. The addition of light elements is preferred since I is
reduced mainly by increased spin-orbit coupling®.

Another approach towards engineering smooth Ag thin films is by al-
loying a combination of Ag with Cu’! or Al°? or to use an interlayer
insertion strategy as this proves to increase surface smoothness while
maintaining a long . For CuggAgi5Aus’ the increased mobility of
Ag (0.14 eV) and Au (0.11 eV) adatoms on (111) Cu surface, compared
to Cu (0.25 eV), effectively reduces the Ehrlich-Schwdbel barrier. Fur-
thermore, Ag on the edge of a Cu terrace supports the descend of Cu
by reducing Egg from 0.35 eV to 0.28 eV. This is about the same value
as for regular hopping on close packed Cu. Furthermore, Ag shows
reduced alloying with Cu, leading to an Ag-rich surface which then
continues to lower Egg for Cu on ledge edges. This drastically reduces
3D growth, supports interdiffusion and prevents pinhole generation,
which in turn leads to a smoother film. The higher surface energy of
Cu can be utilized to initiate a smoother growth of Ag films which is
especially interesting for ultrathin films with thicknesses in the range
of island coalescence. One report describes the successful reduction
of the critical thickness for a continuous Ag thin film with improved
uniformity by a 10 A Cu underlayer®*.

A set of samples is deposited to investigate possible benefits of a Cu in-
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terlayer insertion. Since the Cr buffer is needed to obtain (001)-texture,
but the Ag island formation is dramatic on Cr, a 150Cr/10Cu/300Ag
combination is grown on the high-RA 20Ti/5CoFeB/20MgO trilayer.
The results are compared to 150Cr/300Ag combinations without Cu.
Mapping of the sheet resistance R as shown in fig. 30 reveals a dras-
tically improved uniformity of the film with Cu insertion. Fig. 31 (a)
shows XRD scans of three (001)-textured stacks without Cu insertion
layer. Two of them are in-situ post-annealed at high temperature (500°C
for 600 seconds) in order to fully crystallize the stack and to trigger Ag
agglomeration. Of these annealed samples, one has been capped after
the anneal and the other before. There is no significant difference in
crystallinity. 10 A Cu insertion improves the (001)-texture as the (111)
Ag peaks almost vanishes, see fig. 31 (b). The Cu insertion is also tested
for (111)-textured Ag films on the low-RA 30Ta/20Ru seed system and
XRD scans in fig. 32 show a Qrfll improvement. Generally, the Ru cap
traps Ag and prevents surface diffusion and thus agglomeration during
annealing, see AFM height profiles of the (001)-textured films in
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Figure 30: Rp maps of (a):

150Cr/300Ag/20Ru/RTA and (b):
150Cr/10Cu/300Ag/20Ru/RTA.
The Cu interlayer improves film
uniformity.
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Figure 33: height profiles from the same specimen as in fig. 31 (same coloring). The the corresponding black and
curves are offset for a better visibility. (b): profiles in fig. 33.

Table 3: Properties for Ag thin films on (001)-textured high-R A Si/Si0,/20Ti/5CoFeB/20MgO and on (111)-textured low-RA
30Ta/20Ru, separated by a double line. R; is the maximum height of the roughness profile. Texture and ngl values address

the Ag layer. Cr is grown at 180°C. RTA is at 500°C for 600 seconds. The bold numbers denote the significantly better
values of each pair of samples. ¢ is the standard deviation of R

layers [A] R, [A] Ra/Rq[A] texture  QL,/Ql;; Rp/o [Q)/[%]
.../300Ag/20Ru +300°C 436 31/41  (001)/(111)  0.6/1 na.
.../20Ti/300Ag/20Ru +300°C 100 10/35  (001)/(111)  6/0.5 na.
.../150Cr/300Ag/20Ru 62 6/7 (001)/(111)  22.2/0.6 1.24/0.24
.../150Cr/10Cu/300Ag/20Ru 54 5/7 (001)/(111)  16.9/0.0 1.19/0.32
.../150Cr/300Ag/20Ru/RTA 201 13/18  (001)/(111) 18.7/0.3 1.07/2.08
.../150Cr/10Cu/300Ag/20Ru/RTA 143 7/10  (001)/(111)  29.6/0.1 1.06/0.23
.../150Cr/300Ag/RTA/20Ru 464 28/44  (001)/(111) 20.4/0.5 0.96/1.83
30Ta/20Ra/300Ag/20Ru/RTA 194 11/17 (111) 45 1.013/0.67
30Ta/20Ra/10Cu/300Ag/20Ru/RTA 69 8/10 (111) 56 1.00/0.63
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fig. 33. A further advantage of Cu insertion becomes apparent when
comparing the film roughnesses. The Cu insertion also preserves the
initial film roughness after the high temperature anneal, see figs. 33
and 34, as it reduces both the roughness and the maximum height R,
of the profile. Also, ng of Cr increased from 17 to 22, possibly due
to Cu diffusion into grain boundaries and support of crystallization.
For the (111)-texture AFM imaging shows that Ag agglomeration is
considerably suppressed with Cu insertion after 500°C RTA, see fig. 35.
The uniformity of the films is unchanged however, see R and ¢ in
tab. 3. The table summarizes all results obtained with XRD, AFM and
4-probe sheet resistance measurements and highlights the best results.
(001) Cu/Ag has a higher R, than (111) Cu/Ag due to some residual
deep pinhole-like valleys, see AFM in fig. 34. Overall, Cu insertion leads
to more desirable results for both Ag texture types but shows a more
dramatic improvement for the (001)-texture as compared to the (111)-
type. The large Ag thickness and high 500°C annealing temperature are
not optimal and are only chosen to exaggerate the effect of Cu insertion
on the Ag morphology. The roughness shown here is not yet usable
for a CPP-GMR device. However, the results are expected to scale for
thinner =50 A Ag films and cryo-deposition + Cu insertion will be im-
plemented for CPP-GMR devices. Furthermore, the optimum annealing
temperature for the Heuslers used will prove to be only T, ~ 370°C,
which will be in favor of reduced agglomeration.
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Figure 35: AFM images of the
same samples as in fig. 32; (a): no
Cu interlayer; (b): Cu insertion
successfully suppresses agglom-
eration on (111) Ag.
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PMA thickness dependence of Mns_Ga

The purpose of this chapter is to investigate the applicability of Mn-Ga
Heusler thin films exhibiting high PMA for spintronic devices. The key
for industrial integration into a perpendicular magnetic tunnel junction
(pMT]J) is a film thickness t <100 A. Therefore, a key question is the
effect of lattice strain on PMA. The PMA thin films here are grown
epitaxially on (001)-MgO substrate, but a transfer to the developed
seed layers for polycrystalline (001)-texture is the next step towards
industrial application.

PMA

The PMA of a monocrystalline thin film is the sum of an interface K4
and an intrinsic contribution K1Puk gee eq. 32. The latter arises from
the unit cell configuration and is therefore a uniaxial magnetocrystalline
anisotropy I<1L This sum also is commonly referred to as Ky. When
grown as thin films with the uniaxial anisotropy perpendicular to the
substrate, high PMA materials show an out-of-plane orientation of
M because they typically exhibit KlL ~ 10 Merg/cc while K4 is
negligible. This can lead to an exceptionally large thermal stability
factor KyV /kgT > 40—100 that ensures non-volatility of the stored
information. This is in contrast to interface-dominated PMA reported
for e.g. CoFe”, CoFeB®°, CopFeAl®”, CooFexMn_,Si’® where the PMA
is too weak to stabilize nanoscale devices. Combined with a high spin
polarization P~ 100%, high-PMA materials are promising candidates
for STT-MRAM, which utilizes pMTJs as core structure. Further
requirements are high Tc > 700°C for thermal stability and low damping
constant < 0.01 with small Mg~ 100 emu/cc for fast and high-SNR
switching at low switching current.

High-PMA Heuslers

Tetragonal Heuslers'® and Heusler-like compounds such as Mn-Ga'%!,

Mn-Ge!%2 are in the focus of research for such high-PMA applications,
as they fulfill all of the above requirements. Many Mn-rich Heusler
compounds feature a tetragonal distortion which is the origin of this
anisotropy. A van-Hove-singularity around Ef results in high peaks of
the density of states (DOS) which ultimately causes a structural insta-
bility of the cubic phase of the material. In the cubic phase, Mn3Ga is
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predicted to be a fully compensated half-metallic ferrimagnet. However,
the compound is only stable in the tetragonal phase with a calculated
spin polarization of 88%!% and hard out-of-plane magnetic proper-
ties!® with Tc = 730°C. The composition of Mn3_,Ga ranges from
the instable cubic D03 phase (x = 0), which is the binary equivalent
of the cubic Heusler L2, to the tetragonal D07, phase (0 < x < 1.14)
and lastly to the Mn poor L1j phase of Mn-Ga. Through reduction of
Mn below MnjyGa a stable tetragonal L1j phase is attained, which is
practically a DOyy with reduced symmetry due to the (partial) occu-
pation of Ga atoms at the Wyckoff 2b positions!?, thus halving the
lattice constant c¢. All phases are shown in fig. 36. The blue (Mnl,
m=-2.9ug) and red (Mnll, m =2.364p) positions of the Mn atoms are
inequivalent and with the reduction of Mn from Mn3Ga, mainly but
not exclusively Mnl is replaced by Ga'®. However, the bulk vacancy
distribution model is not entirely consistent with the thin film model'?’
and the detailed mechanism is still unclear. Mizukami et al found that
the 4d Wyckoff position (MnlI) for thin films is occupied with Mn with
a 93% chance when increasing x in order to fit their magnetization data.
For bulk Mn3 Ge, the stability of the D0, is within a narrow range of
0.26 <x< 0.55'%. The properties of Mn-Ga and Mn-Ge from the cited
references are summarized in tab. 4.

Here the focus will be on Mn-Ga. Many groups have been investi-

Table 4: Properties of D03, Mn-Ga and Mn-Ge. See text for references.

Mns_,Ga Mnj3Ge
X 0-1.14 0.26-0.55
Mg [emu/cc] 200-600 73-130
Tc [°C] 730 > 500
o 0.008-0.015 0.0009
Ky [Merg/cc] 10-24 9-24
P [%] 40-88 77-100

gating varying composition ranges in bulk and thin films!?® ranging
from Mn g3Ga!? to Mnz_,Ga (0 <x < 1), The reports about Mn-Ga
however are mostly limited to a film thickness of 200—1000 A and
while discussing the role of underlayers!!? don’t examine the effects
of reducing the layer thickness. Additionally to the requirements men-
tioned above, the thickness of the MTJ ultimately needs to be reduced
as much as possible for industrial applications. This is crucial for the
implementation of this Heusler into devices with high information den-
sity. The thickness dependence of the PMA for films with + <100 A
will be investigated in this chapter.

Mns_yGa thin films

To obtain a sufficient signal for magnetization measurements with a
superconducting quantum interference device-VSM (SQUID-VSM), a com-
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position close to MnyGa is targeted here, where the magnetic moment
of MnlI is not compensated due to a lack of Mnl. This leads to a com-
parably high M. Offstoichiometric MnyGa films with and without Co
doping are prepared by sputtering with an Ar pressure of 10~ mbar.
The base pressure is less than 10~'9 mbar. The films are grown on two
different buffer types: Cr and a Cr/Pt combination. The deposition steps
on single crystalline (001)-MgO substrates for the respective buffer
layers are:

Cr: 400Cr/Mnj 9Cog 1Ga/2h@400°C/30Ta
400Cr/Mn;j gGa/2h@400°C/30Ta

Cr/Pt: 100Cr/1Th@700°C/100Pt@500°C/Mn; oCog 1 Ga@450°C/30Ta

A step is conducted at RT when not indicated otherwise. The Ta layer

serves as protective capping. The composition of the films is analyzed

by a system that combines RBS with particle-induced X-ray emission

(RBS/PIXE) with a precision of 1 at%. The lattice constant of MgO

(a =4.21 A) leads to an epitaxial 45° in-plane rotated growth of Cr

(a=2.88 A). The Pt buffer (¢ =3.92 A) then grows again 45° rotated

on Cr.

When Mnj 9Cog 1Ga samples are deposited on the Cr/Pt buffer at RT

they are nonmagnetic even after post-annealing at 400°C or 450°C.
Therefore those samples are deposited at 450°C instead, which has

been found to be the optimal substrate temperature!!3.

In accordance with the chosen D02, unit cell in fig. 36 the XRD (011)

reflex is scanned to estimate the structure of the films. An absence of
this reflex would suggest the L1 structure, because there the structure

factor is zero. For the sake of consistency and to reduce confusion the

planes are indexed referring to the unit cell shown in fig. 36, e.g. the

L1y-(001) reflex is the same as D05-(002).

For the estimation of the in-plane lattice constant 4, an energy-dispersive

Figure 36: left: binary Mn3Ga or Mn3Ga with Ga/Ge (green), Mnl (blue) and MnlI (red)
in the D0y structure. The axis of the unit cell are indicated by arrows. Center: with
0 <x< 2 the cyan colored atoms are either Ga/Ge or Mn, depending on the specific
composition and the symmetrie is still DOp;. Right: L1j structure of MnGa or MnGe
with two stacked unit cells.

1D detector was utilized in order to create a 2D 26/w — x scan map in
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114 to prevent confusion it has
to be mentioned that some
databases identify the (022)
reflex as the one with the high-
est intensity, since they refer to
the Heusler-type L2; unit cell

which the (112)-reflection appears as a 3D gaussian shape. The (112)-
reflex was chosen, since its intensity is the strongest'!* thus making
the investigation by XRD down to a thickness of 20 A possible. For
the films on Cr/Pt-buffer the (224)-reflex had to be chosen for the esti-
mation of a4 due to peak overlap of the sample-(112) with the Pt-(111)
reflex at 260 = 39.8°. Due to its reduced intensity it is not possible to
appropriately estimate both lattice constants of the 30 A Cr/Pt-buffered
Mn1‘9C00.1 Ga film.

Fig. 37 shows excerpts of the 26/w scans of the films. In the full range

(@) Mn; Cog ;Ga on Cr (b) Mn; 4Co, ;Ga on Cr/Pt (c) Mny g¢Ga on Cr
- C = 4
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Figure 37: 20/w scan excerpt of the (002)/(004) reflexes of (a): Mnj 9Cog1Ga on Cr
buffer, no (002) was observed; (b): Mn; 9Cog.1Ga on Cr/Pt buffer; (c): Mnj g¢Ga on Cr.
The numbers denote the film thickness in nm.

only the (001)/(002) substrate and (002) Cr reflexes are visible apart
from the (002) and (004) reflexes of the Mn-Ga(-Co) film. For the Cr/Pt
buffered samples also the (002) Pt reflex appeared. All films t <100 A
show no (002) superlattice peak, because the signal is too weak. An
important observation is the complete absence of the (002) superlattice
peak for Cr buffered Mnj 9Coq 1Ga, whereas it appears for the same
composition on the Cr/Pt buffer. This indicates a different ordering
which is most likely due to the specific deposition temperature and not
due to the choice of buffer layer. When changing the measurement
geometry none of the films showed the (011) reflex. Therefore all films
crystallized in the L1 structure. The lattice constant of the Cr buffer
is acy = 2.885 A and for the Pt buffer ap; = 3.946 A, both in agreement
with bulk values from literature, alcitr =2.88A, agj‘c =3.92 A. Therefore,
all films show epitaxial growth. A scan for the (111) Pt reflex proved
its 45° rotated growth on the Cr buffer.

Fig. 38 (a)/(b) and (c) show the lattice constants and its ratios, respec-
tively. It is noteworthy that the Cr/Pt-buffered thin films show a slight
tetragonal elongation in c-direction when reducing the thickness. The
lattice mismatch with Pt is Aa =0.5% for all films.

The Cr-buffered Heusler films on the other hand are highly strained:
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When reducing the thickness of Mnj 9gCog 1Ga [Mn; g¢Ga] from 300 A
down to 30 A, ¢ decreases by 8.5% [8.0%] while a increases by 3.2%
[4.6%] to values closer to the 45° rotated Cr lattice constant 2.88 A-\/2 =
4.08 A. The lattice mismatch of the 30 A Mn; 9Cog 1Ga [30 A Mn; g¢Ga]

with the Cr buffer is Aa =0.3% [Aa=1.2%]. Noteworthy are the differ-
ent regions of large strain gradient: the samples with Co attain highest

strain towards a cubic-like structure at a larger thickness than the sam-
ples without Co. It has been found that Mnj 9pCog 40Ga shows a phase

transition from tetragonal to cubic when increasing Co content!!>. A
possible dependence of strain on composition in the Mn-Co-Ga com-
pounds should be investigated further.

Out-of-plane (OP) and in-plane (IP) magnetic measurements are con-
ducted with a SQUID-VSM where Hpax =70 kOe. All OP scans saturate

at higher fields around H =30 kOe. It has been reported that thicker
films (300 A) of Mn, 5Ga are hard to saturate in the IP direction!!®. In-
deed the IP curves don’t saturate distinctively, which leads to a problem
of a correct subtraction of the substrate background signal. With film
thicknesses t > 300 A it is convenient to measure a piece of reference

substrate IP, weigh it and estimate the mass susceptibility, which can
then be used to calculate the substrate contribution of the sample by
weighing it and neglecting the weight of the film. However, when
measuring ultrathin films £ < 100 A the contribution of the specimen
to the overall measured signal can be negligibly small compared to the

diamagnetic MgO substrate. The induced current in the pickup-coils of
the SQUID-VSM is sensible to the precise substrate location, size and
shape!!’. Therefore a different position of a sample creates a specific
background signal in any repeated scan. To give an example, consider
an IP scan and some linear reference curve used for correction: if the
diamagnetic slope of this reference curve varies around 2% due to posi-
tioning, a simple linear reference background subtraction will lead to
an error in Mg of ~16 pemu (when using a 4.2x4.2 mm? MgO piece),
which is about the same magnitude as the signal of a 30 A thin film
when using a similar sized sample piece. The less signal from that same
specimen, the larger is the error induced by this method, which makes
this approach impractical for this investigation.

The IP curves for the thickest films ¢ > 300 A with comparably large sig-
nal from the Mn-Ga(-Co) were obtained by subtracting a weighed MgO
reference piece. When linearizing the IP curve they all saturated for
70kOe < H <85kOe, independently of the Co doping. To overcome
the previously discussed problem effectively, all IP scans for the films
t <200 A are expected to saturate when H >70 kQe. This will tend to
systematically underestimate the anisotropy field H, for those films.
This approach is encouraged by other reports, where for a 660 A thick
film of MnyGa H, ~8kOe!!8. Wu et al. report H, ~ 6 kOe for 300 A
MngsGass films on Cr or Cr/Pt buffer!!, which is the same compound
as in our case, i.e. Mnj ggGa. Mnj 9Coq 1Ga is somewhere between the
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two cited compositions when neglecting the Co-doping. This method
will systematically include a thickness/strain dependence of Ky. Fur-
thermore the geometry of the pick-up coils in the SQUID-VSM and the
differing demagnetization fields for the OP and IP alignment will reduce
the signal of any IP scan to around 80% of the same sample scanned
OP!?0_ Therefore the IP magnetic curves were scaled by a factor of 1.25.
Selected hysteresis curves are shown in fig. 39 (a) for Mnj 9Cog1Ga
on Cr and Cr/Pt buffer. Fig. 39 (b) shows M(H) curves for Mn; g4Ga
on Cr. All 30 A thick films show a dominating isotropic contribution
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layers. The superimposed magnetic moment can clearly visible for the Cr/Pt buffered films; (b): hysteresis curves for
Mn g¢Ga for various thicknesses deposited on a Cr buffer layer.
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when measured OP, indicating a loss of PMA. Some of the Cr buffered
films feature a superimposed moment with almost zero hysteresis and
small saturation field of ~ 0.1 kOe in both IP and OP measurements.
This isotropic moment systematically vanishes over time for the Cr
buffered films, whereas it stays unchanged for the Cr/Pt buffered ones
(not shown here). A canted magnetic moment was also previously
reported for Mn3Ga'?! and for Mn, 1Ga'?2. The occurrence here is
probably related to interface effects, oxidation or paramagnetic islands
that form in the initial growth of the film.

M versus film thickness is shown in fig. 38 (d). For 300 A Mn g¢Ga it
is higher than previously reported!?3.,

Apparent is the effect of the Co content, as it drastically reduces the
saturation magnetization. Mg for Mnj g¢Ga is roughly doubled when
compared to Mnj 9gCog 1Ga (both on Cr buffer). It can be doubted that
this effect is related to the 0.04 difference in Mn, a more realistic change
related to this would be around 5%!%4. So this effect has its origin in
the added Co'?, thus reducing M as it had been previously suggested.
However, the reduction observed here is more dramatic and by argu-
ing with the absence of the (002) reflex for Mnj 9Cog 1Ga on Cr buffer,
this might be caused by differing crystallinity through composition-
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dependent optimal deposition temperature.

Ky was estimated by using the area difference of the OP and IP curves
by integration. It is plotted vs. thickness in fig. 38 (e). All films show a
reduction of PMA when decreasing the film thickness. When focusing
on the composition with Co and comparing the strained Cr buffered
with the Cr/Pt buffered films the PMA loss is less dramatic for the latter
and high PMA is retained down to a thickness of 60 A. It is difficult to
separate the effects of reducing thickness from a effect solely related to
strain, since the curves in fig. 38 (e) show a constant shift in y-direction
throughout the whole range of thickness, which in principle excludes a
possible strain dependence. However, it is noticeable that Ky follows
since it drops to zero with maximal strain for both compositions. Mg
shows this peculiar behavior as well: for Mnj g¢Ga it goes to zero at 20 A
and reduces to 100 emu/cm? for Mn; 9Cop 1Ga at 60 A. Strain has an
impact on M. Unlike Ky it is rather constant for the unstrained films
and only shows a drastic reduction with strain. Mg of the Mnj g¢Ga
films also reduces within the strained region, except for 30 A where
a dominating in-plane moment arises. This could be the result of the
formation of super-paramagnetic islands.

Conclusively, this shows that Mn-Ga thin films lose their magnetic
anisotropy when reducing thickness. By comparison of a strained with
an unstrained composition of Mn-Co-Ga with low Co content it has
been demonstrated that additional strain promotes the loss of anisotropy.
The function of strain versus film thickness appears to be sensitively
dependent on composition, i.e. Co concentration: the region of lattice
distortion in Mnj g¢Ga ultrathin films on Cr buffer is almost 50 A shifted
towards smaller thicknesses, when compared with Mn; 9gCog1Ga on a
Cr buffer. The strain has been reduced by increasing the Mn-Ga film
thickness or by introducing a Pt buffer layer. The integration of Mn-Ga
thin films into devices which demands a film thickness of t <100 A
is therefore only possible with the appropriate buffer layer, e.g. Pt.
Conclusions drawn from thicker Mn-Ga films, e.g. 300 A, should be
regarded with caution when discussing about actual implementation
into devices.
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CMS and CFA thin films

This chapter aims at the investigation and optimization of fundamental
properties of selected Heusler compounds, i.e. CMS and CFA. The first
composite CMS target gave a thin film with 55.8 at% Co, 22.4 at% Mn,
21.8 at% Si via RBS analysis. This information about the differential
sputter rates was used to order a composition-corrected CMS target.
In contrary, CFA is co-sputtered from three elemental targets. RBS
analysis of CFA gave 50.3 at% Co, 25.3 at% Fe, 24.4 at% Al.

Resistivity and magnetization

Polycrystalline CMS and CFA thin films of varying thickness are de-
posited onto Si/SiO; with Ta/Ru seed and annealed with RTA at 370°C
for 10 min, which creates a strong (011)-texture with lel =18 (see
tab. 1). The resistivity at RT is measured by creating a set of differ-
ent thicknesses and following the sum rule for the sheet resistance
Rp=p/t, with p and f being the film resistivity and thickness, respec-
tively:

I ”

Rtlz(l’t Rn ROD Y ROD
ROD is the sheet resistance of the seed and the cap layers. Plotting
RtD"t(t‘)’1 and fitting to eq. 48 gives pcys = 95 pQem and pcpa =
76 uQcm, see fig. 40. Bulk CMS exhibits pté‘i}llg = 20 uQcm at RT!?
and reports for pfi™ of thin films range from 25-120 uQcm at RT'?7.
For CFA, epitaxial films obtained pfi% =50 pQem for 1000 A2 and
40-100 pQem for 200 A thick films'?® - depending on annealing con-
ditions.
When measuring Mg via VSM or BHLooper it is possible to underes-
timate its value due to magnetically dead layers at interfaces. there-
fore the uncorrected measured saturation magnetization M; is intro-
duced, which is calculated by using only the magnetic film thickness.
Plotting M - t vs. t, see fig. 41, reveals a magnetically dead layer of
fems =8 A and fcpa =5 A, which is used to correct M — M as
Mg = M -t/ (t-1), where t and f are the respective film and mag-
netically dead layer thickness. Furthermore one obtains bulk Mg with
1004 emu/cc for CMS and 1086 emu/cc for CFA, which is in very good
agreement with reported bulk values for CMS!3*® and CFA™®! and indi-
cates high crystalline order. The thickness dependence of Mg for CMS is
shown in fig. 42 (a). M is maintained at a high value down to a critical
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thickness of 50 A. M for CFA is presented in fig. 43. The slightly larger
values for M of the CFA thin films (aglﬁg =5.7 A) as compared to bulk
(all, =5.73 A132) might be a result of a smaller lattice constant in the
films or a partial crystallization.

Magnetization dynamics and anisotropies

In- and out-of-plane FMR spectra for CMS on the Ta/Ru seed are shown
in fig. 45. The evaluation of the CFA on the same seed is completely
analogous and will not be shown here. Fig. 44 (b) shows the intrin-
sic damping of CMS and CFA for different thicknesses from OP FMR
measurements. Similar behavior is reported by Ruiz-Calaforra et al.'®3,
where the intrinsic damping parameter is found to be dependent on the
film thickness and one can phenomenologically write aoir =g + b/t
to fit for the bulk intrinsic damping parameter ag, with a constant b and
film thickness t. The intercept with the ordinate designates « for an
infinite sample thickness (bulk), which is 0.0014 for CMS and 0.0011
for CFA.

As expressed by eq. 32 the total perpendicular anisotropy is expected
to consist of a bulk and interface contribution K{; = Kﬁ + 2K/t with
two equally contributing Ru/Heusler interfaces. By making use of the
definition of Mg, as already introduced for eq. 28, one obtains

2Ky 4KY

47TMeff:47'CMs— M —Mt.
S s

(49)

By plotting M vs. t~ ! one obtains K- from the slope and KbL from
comparing the intercept value at the ordinate with Mg which has been
previously measured with VSM/BHLooper, see fig. 46. One obtains a
comparably small bulk contribution KbL =-5-10 erg/cc and a domi-
nating surface contribution Kg- =0.24 erg/cm? for CMS. CFA exhibits
a similar surface anisotropy K- =0.21 erg/cm?. th of CFA is twice as
large as for CMS but it important to notice that KbL specifically includes
a large error from this fitting method since it gets derived from the small
difference of M and Mg and thus relies on a very accurate measuring
of these quantities.

To investigate the magnetocrystalline anisotropies, a 180 A CMS film
is epitaxially grown on (001)-MgO substrates. A 20 A MgO seed layer
is grown via RF-sputtering directly onto the MgO substrate before
the deposition of the Heusler. No other buffer layer material is used
and 20 A Ru serve as capping layer. Deposition is at RT. Ex-situ post-
annealing at 400°C for 5 hours at 10 kOe magnetic field along the [110]
in-plane direction of the Heusler induces crystallization. Fig. 47 shows
a 26/w XRD scan for the MgO/CMS film. Only the (002) and (004) CMS
peaks and the MgO substrate reflex are clearly visible and the lattice
constant is 5.64 A. The in-plane angular FMR spectrum for CMS at
f =20 GHz is shown in fig. 48. It is fitted to eq. 29 and using a ¢y =10°

62


http://dx.doi.org/10.1016/0304-8853(83)90097-5
http://dx.doi.org/10.1016/0304-8853(83)90097-5
http://dx.doi.org/10.1016/0304-8853(83)90097-5
http://dx.doi.org/10.1063/1.4918909
http://dx.doi.org/10.1063/1.4918909
http://dx.doi.org/10.1063/1.4918909

@ top spectrum: 25A CMS (scaled x100)

— __“\/\______\_/x\/\___—_

=]

<

= bottom spectrum: 300A CMS

5 freq.[GHZz]

& —5 25

+ — 10 — 30
— 15 —35
— 20 — 40
1 1 1
2000 4000 6000 8000 10000 12000
magnetic field [Oe]
40F g X -
o i ata / 4001 o IPdata () P

masp M 300 = _

5 200 - e g

9. 30+ 9- X . 9‘

2 cl100d_ 7 —fitw2M <

e B ° I R — fit w/o 2M M B

g 25 thickness [A] %120 i 2

8 2k x 25 A 100[| £ 80 2

= M 50 O 150 20

15k 1 ¢ 75 0 300 0
2 4 6 8 qox10° 0 10 20 40 12 16 20 24
resonance location [Oe] frequency [GHz] frequency [GHz]

Figure 45: FMR measurements of CMS on Ta/Ru seed with different thickness ranging from 25-300 A; (a): two exemplary
FMR spectra (raw data, offset) for 25 A and 300 A thick samples; (b): IP frequency vs. resonance location plot and fit to
obtain M and y following eq. 28. OP data, which is fitted by eq. 39 is not shown here; (c): IP linewidth AH vs. frequency to
obtain & and AHy , by fitting to eq. 33. For 25 A the two-magnon scattering term AHpy, is included due to a large curvature;
(d): OP linewidth plot and fit via eq. 40.

1100 dataffit (line)
o CMS
__1000f° + CFA
[&]
o
S 900
“E) perp. S 3 6 3
< 800F Kp™"= -5(+-3)x10" erg/cm K,™"= -1(+-0.5)x10" erg/cm
erp— 2
= ool Kd*"=0.24+-0.02 erg/cm K= 0.21 erglem’
600 -
1 1 1 (0]
0.01 0.02 0.03 0.04

1/thickness [A™]

Figure 46: Mg from FMR IP measurements. The sample with t =15 A is excluded
from the fit due to degradation of M for t < 50 A, as indicated in fig. 42 (a).

20MgO/180CFA
_F CMS (002) subs. CMS (004)
5 | X
S,
[%2])
Q.
(8]
D
L2 1 I\/IgO (002)

5
2theta [°]
Figure 47: 20/w XRD scan of the MgO/CMS film, discussion see text.

63



positioning offset caused by the measurement setup. Noticable is also
the periodicity of absorption linewidth with the in-plane angle, hinting
towards a fourfold anisotropy of a damping contribution. In addition
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Figure 48: in-plane angular FMR scans of CMS. The fit gives for CMS: K{; = 3 -
10* erg/cc and Kj=13- 10° erg/cc.

to the epitaxial samples, two types of oriented polycrystalline films
are grown on Si/SiO; to have a set of three differently grown CMS
samples: The most accessible texture using close-to-standard industrial
parameters: (011). And the developed (001)-texture with MgO seed
compared to the highest structural quality the (001)-MgO substrate
based epitaxial samples. Tab. 5 gives a comprehensive overview over
the results of the investigated properties.

Table 5: magnetic parameters obtained by BHLooper, VSM and in- and out-of-plane FMR spectra for epitaxial and
polycrystalline-textured CMS thin films. Different underlayers are utilized to realize the two textures. Hard/easy axis are
along and perpendicular the annealing direction (in the case of field anneal). Since no 180CFA film for (011)-texture is
available, 250CFA is presented instead. Kﬁ and K¢ are extracted from thickness dependent measurements on multiple
samples as explained in the text. *fit omits in-plane anisotropy term. Unavailable data is denoted with ’-.

Data (001)-epitaxial (011)-textured (001)-textured
180CMS 180CMS 250CFA 180CMS
M [emu/cc] 1055 997 1081 938
H¢ [Oe] hard/easy 10/1 0.5 12 10
g" 2.032 2.025 2.082 2.041
M [emu/cc] 957 1003* 1157 1406*
Ky [10* erg/cc] 3 - - -
K‘l' [10° erg/cc] 1.3 - - -
o 0.0025 0.0034 0.0042 0.0061
2M [Oe] (11 only) 0 0 0 0
AH; [Oe] 5 4 39 9
gL 2.000 2.006 - -
Z\/Ieff [emu/cc] 1007 981 - -
[ﬁ % 10° erg;cc% 16?; see K‘é KsL see Kﬁ KsL -2.8
1 4 erg/cc - - - -
at 0.0019 0.0030 0.0025 -
AHjy [Oe] 4 2.5 52 -
K [10° erg/cc] - -5 -10 -
K [erg/cm?] - 0.24 0.21 -
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Exchange coupling

Interlayer exchange coupling (IEC) is the interaction of two bottom/top
ferromagnetic layers separated by an ultrathin non-magnetic (NM)
spacer, FMy,/NM/FM;. Its consequence is a specific angle between the
magnetizations of FMy, and FM;. The discovery of IEC!3* and its inter-
connectedness with the GMR effect'® triggered an intense interest in
the studies of metallic layered structures. The decisive breakthrough of
the IEC came with the discovery of its oscillatory nature that depen-
dents on the spacer type and thickness!'*.

There are several reports on IEC with Cr spacer layers, especially on
the large biquadratic coupling of (001)-epitaxial CMS/Cr/CMS'37 and
CMS/Cr/Fe'®. To investigate IEC with the Heusler CMS as FMy, and
FM; and with Cr as NM, two (011)-textured reference CMS films are de-
posited onto a 30Ta/20Ru seed on amorphous substrates, both with an
adjacent 17 A Cr layer. The films are annealed in-situ at mild 370°C for
60 seconds to minimize Cr interdiffusion'*®. The magnetization loops
are square both for low (BHLooper) and high (VSM) external magnetic
fields, see fig. 49 (a). Then a series of CMS;,/Cr/CMS; sandwiches are
created, where the thicknesses of Cr or CMS; are varied from 8-67 A
and 50-200 A, respectively. Fig. 49 (b) shows the low field BHLooper
magnetization curves of sandwiches for different Cr thicknesses. Ap-
parently the magnetization of some films seems unsaturated within the
field range and even feature some curvature. One could argue now that
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Figure 49: BHLooper raw data of (a): CMS with a Cr cap or Cr buffer layer. The saturation field is about 20 Oe; (b): data for
CMS/Cr/CMS trilayers with varying Cr spacer thickness. Only the film without Cr insertion can be saturated within 1000
Oe; (c): Swapping the order of the CMS layers has no influence on the curve shape for high field VSM measurements.

the decreased magnetic flux around zero field and the slow saturation
as soon as Cr is inserted is attributed to a deteriorated quality of CMS;
because it is grown on Cr and not on Ta/Ru. However, the loop shape
of the reference sample 17Cr/70CMS rules this out. To further disprove
the argument of film quality deviations, high field M(H) curves of
150CMS;,/17Cr/100CMS; and 100CMS;,/17Cr/150CMS; are shown in
fig. 49 (c). Both curves in the graph are identical, thus there is no dif-
fering quality between the CMS layers. From this follows that CMS, is
exchange coupled to CMS;.

In order to evaluate the type and strength of the IEC, the energetic situa-
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tion in the stack is analyzed. Initially, domain walls are neglected and it
is assumed that the moment of each FM is uniform and confined to the
sample plane and evolves into the energy minimum. The total energy
E of an exchange coupled FM},/NM/FM; can then be expressed by the
Stoner-Wohlfarth model which includes terms for exchange coupling:

E=Ex+Ez+ EJ
Ex = Kpty, sin? a cos? a + Kty sin® B cos? B
Ez = —MyptpH cosx — MitiH cos

Ey = —Jicos (a— B) + J» cos? (a—B).

Ex, Ez and Ej are the magnetocrystalline anisotropy, Zeeman and ex-
change energy, respectively. J; and ], give the strength of the bilinear
and biquadratic exchange coupling and a,  are the angles ZHM,, 4,
respectively. M}, and M are the saturation magnetizations of the re-
spective layer. From the phenomenological equation for Ej it can be
seen that [; will align My, 1) M¢ (J;1 < 0) or My ™ M; (J; > 0)140.
The physics behind J;: The Fermi surface of the spacer layer material
governs the coupling periods. Here, a critical spanning vector (perpen-
dicular to the interface) connects slices of the spacer Fermi-surface in an
extended zone scheme. Spacer thickness variations can then cause long
and short range exchange oscillations, corresponding to the length of
these spanning vectors. The coupling strengths and periods ultimately
depend on the description of the electronic structure of spacer and fer-
romagnets. An extrinsic mechanism for positive J; is pinhole-coupling,
since a break in the spacer gives rise to direct exchange coupling.
The physics behind J,: There is an intrinsic origin of biquadratic
coupling as a higher order term in the model used to explain bilinear
coupling, but this term is usually negligibly small'*!. Slonczewski pro-
posed that interfacial loose spins of the FM at the FM/NM interface
are weakly coupled to the remainder of the FM and thus declares this
type of biquadratic coupling of intrinsic nature!*?. The magnitude is
e.g. <0.1 erg/cc at RT for Fe/Al/Fe or Fe/Au/Fe epitaxial thin films.
Another separate extrinsic origin is based on thickness fluctuations?
and the magnitude of |, is proportional to AJ;, which is the change in
the amount of bilinear coupling when going from odd to even ML of
spacer thickness!**. When the thin film interfaces are not atomically
smooth, the J, contribution is therefore the effective coupling due to
random fluctuations of the magnetizations around their average direc-
tion due to terrace-like spacer growth or uncorrelated roughness of
both interfaces'*®. The effect is also termed magnetostatic biquadratic
coupling, where the orange peel effect is zero and the fringing fields
of e.g. FMp, minimize the field energy by aligning the magnetization

of FM; perpendicularly. The effect is of the order ~ 0.01 erg/cm? for
146

,where

(50)

43

amorphous spacer layers
When the bilinear coupling is negative, pin holes can give rise to a
biquadratic contribution. This mechanism is similar to the origin of |,
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due to positive thickness-fluctuations, but instead of a distribution of

roughness it requires a specific distribution of pin-holes'%’. 147 J. F. Bobo et al., Phys. Rev. B
Uncorrelated roughness creates a coupling which becomes smaller with 60 (6 Aug. 1999), pp. 4131-4141
decreasing spacer thickness. The opposite proportionality with ¢¢ holds

for the interaction described by Slonczewski.

M(H) loops are generated via a numerical simulation based on the

Stoner-Wohlfarth model using two major energetic contributions from

eq. 50, while the anisotropy term will be neglected for non-epitaxial

films. The simulation that fits the experimental data best is chosen via

the method of least squares. In order to receive a good fit, Ej needs to

be adjusted by using a more general, phenomenological expression for
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Figure 50: normalized VSM data (only one quadrant shown for visibility) and fits via eq. 50 using the expression in eq. 51
for the total energy E. From (a)-(d) there is an increasing tc,. The fits only converge reasonably by including higher order

coupling contributions J3 and J; as shown in (a) for tc, =8 A. Units of J; are in erg/cm?. The relative magnetization angle
«— f3 for the best fit using parameters up to the fourth order (red) is plotted as well.

shown for one quadrant in figs. 50 (a)-(d). The graphs contain the best
fits for the M(H) curves using different values for J;, where the order is
extended up to i =4. It has to be mentioned, that J3 <0 would generate
antiparallel coupling which doesn’t make physical sense. Therefore
parameter J[3 is restricted to J3 >0 during the fit. Monchesky et al also
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Figure 51: VSM Fitting results
from fig. 50 for the coupling pa-
rameter up to the fourth order us-
ing the Stoner-Wohlfarth model
via eq. 50.

150 OOMMF website

reported bicubic (J3) coupling on GaAs-subs./Fe/Cu/Fe trilayers'*’ in
a similar circumstance as here: as a need to explain and fit their ex-
perimental data. The red curve in figs. 50 (a)-(d) which floats all four
coupling contributions shows the best agreement with the experimental
data. It is peculiar that the fit result for the bicubic coupling is J3 =0
for all samples. Remanence M, depends on the Cr thickness and hints
towards [ #0 for 17-67 A thick spacers before it crosses zero within
8-17 A for t. This is likely due to the development of a pin-hole free
spacer layer with increasing spacer thickness. Fig. 51 summarizes J; vs.

tcr-

The Stoner-Wohlfarth model assumes single domain magnetic states,
which is generally not a good approximation for polycrystalline thin
films. Therefore, a micromagnetic solver, i.e. the Object Oriented Mi-
croMagnetic Framework™° (OOMMF) is utilized to simulate hysteresis
curves for multi domain films. Here local M canting (or fanning)
around an average magnetization direction is taken into account. The
cell size within the mesh (x,y,z) is (10,10,1) with units in nm. The tri-
layer stack is 400 nm long and 200 nm wide. Besides J; and ], another
parameter serves as an input: A, which is the 6-nearest neighbor ex-
change interaction integral that is proportional to the exchange stiffness
of the magnetic material. In contrast to J; and ], which resemble the
coupling across a nonmagnetic spacer, A is the local sum of the direct
exchange interaction acting on a defined cell by its surrounding neigh-
bors. Example simulations shown in fig. 52 reveal the impact of the
three parameters [, [, and A: the remanence is determined primarily
by J1 while the curvature jointly depends on [, and A. The saturation
field is dependent on all three parameters.

For A — oo all cells are tightly coupled and form a single domain where
the result of the simulation coincides with the analytical expression
given by the Stoner-Wohlfarth model. For smaller A the curvature
increases. With the right choice of these three input parameters the
experimental hysteresis loops can be modeled, see fig. 53.  With in-
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Figure 52: OOMMF hysteresis simulations with different values for input parameters J;, J> and A; (a): FM layers are coupled
via biquadratic coupling of differing strength and fixed nearest neighbor exchange; (b): fixed J; and ], with varying nearest

neighbor exchange effecting the curvature of the hysteresis. Units are erg/cm? for J; and erg/cm for A.
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Figure 53: same experimental data as in figs. 50 (a)-(d). Multiple simulations via OOMMEF led to an optimized choice of

parameters to model the VSM data. Units are erg/cm? for J; and erg/cm for A.

creasing Cr spacer thickness 33 A — 67 A however the optimal choice
of a set for J1, J, and A reveals a systematical mismatch with the data:
experimentally larger curvature with increasing spacer thickness indi-
cates decreasing A while a flat tail towards the saturation field hints
sufficiently large J,. Simulated curves with higher ], however gener-
ally feature a steeper slope. Since one would further expect a heavily
reduced ], at t;= 67 A, the measured flat saturation tail has its origin
most likely in spatial coupling strength fluctuations. This complicates
modeling via OOMMF since the program is only able to assign global
and uniform J1/], coupling strengths to the trilayer and A to the in-
terfaces. A lower estimate for [, and A is chosen in the simulations
in figs. 53 (c) and (d) which appropriately models the curvature at low
magnetic fields. Fig. 54 displays parameters for the simulations that
fit the experimental data best. Biquadratic coupling decreases linearly
with thickness while the bilinear term experiences a change of sign
around fc; ~ 14 A. A also decreases with increasing thickness of the
spacer layer.

Conclusively, the signatures in hysteresis loops which can be mistaken
for higher coupling contributions J[; with i >2 of FM/NM/FM trilayers
are merely a consequence of finite exchange stiffness which itself is
a result of film imperfections such as grain boundaries that give rise
to smaller magnetic domains. Due to the limitations of the Stoner-
Wohlfarth model, a micromagnetic simulation is recommended with
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results appropriately explaining the measured data.

The magnitude of |, observed here is comparable with reports on epi-
taxial CMS/Cr/Fe'! and CMS/Cr/CMS™? trilayers, the range of fc,
with active coupling is however larger here.

The observed non-oscillatory behavior of ], speaks for the extrinsic
residual interface roughness contribution caused by roughness/terraces
(long-period coupling'®?) as suggested by Slonczewski and not for the
short-period intrinsic ], as observed for e.g. Fe/Cr/Fe atomically smooth
epitaxial samples grown by MBE!*. The large magnitude however is
likely caused by the specific nature of Cr. Strictly speaking Cr is not non-
magnetic, but rather tends to exhibit bulk antiferromagnetism in the
form of incommensurate spontaneous colinear spin density waves. In
other words, atomic monolayer steps cause larger oscillation amplitudes
of the exchange coupling!® than a non-magnetic spacer. Therefore,
the magnetostatic biquadratic coupling based on terraces that cause a
situation where bilinear coupling is frustrated can be expected to be
magnitudes larger with Cr. Interestingly, 90° coupling has also been ob-
served for (001)-epitaxial CopFeAl 5Sig 5/Cr/CopFeAly 5Sig 5 samples!®®,
but a factor of 20 smaller, probably due to smoother interfaces. Further-
more the same stacks but polycrystalline on SiO; only exhibit weak
antiferromagnetic (AFM) coupling.

Exchange coupling through roughness generally constitutes a problem
for polycrystalline CPP-GMR spin-valves. For example in the case of
pseudo spin valves (PSV) where there is no AFM layer that pins the refer-
ence layer (RL) through exchange coupling. There the antiparallel (AP)
state is achieved with shape anisotropy by patterning the top layer in
the form of an elongated ellipsoid or rectangle. Uncorrelated roughness
coupling will disturb the switching. For very smooth films of course,
IEC can be used to obtain the AP state via negative [q, but this is very
difficult to achieve with polycrystalline thin films. Furthermore, the
two prominent spacer layer materials, Ag and Cr, each have a critical
disadvantage in combination with CMS: during growth, Ag strives to-
wards island agglomeration which drastically increases roughness and
demands for a comparably thicker spacer to meet film coalescence. And
a Cr spacer renders unprecedented 90° coupling strengths.

However, the strength of these coupling contributions could be interest-
ing for applications. It could potentially be utilized in a field stabilizing
TMR/GMR sensor, where the free layer (FL) FM1 is 90° coupled to
an FM2 layer with higher M - t. FM2 then is field-stabilized by the
conventional hard-bias.

Magnetostatic coupling

This type of coupling is based on the stray fields produced by FM
layers and is therefore not limited only to the FM;,/NM/FM; multilayer
type. "Magnetic poles’ at the edges of e.g. a patterned MT]J give rise
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to a nonuniform demagnetizing field which depends specifically on
the geometry and size of the device. For nanoscale lateral dimensions
this effect can be significant!®” and has to be countervailed by e.g. a
magnetically compensated stack design!®®. For unpatterned films this
magnetostatic effect is zero.

Static contributions to the bilinear coupling (/1) can also be triggered
by correlated surface roughness of either FM;, or NM, where bumps of
the rough surface create magnetic poles which give rise to a fringing
field™°. This orange-peel effect leads to interlayer coupling for MT]Js that
has its origin in the interface topology of multilayers. The roughness
can be described with a more or less correlated profile (contrary to
the uncorrelated roughness model of J5). Therefore by symmetry, two
parallel magnetic layers have a lower field energy when their fringing
fields oppose each other. Then their magnetizations are parallel, fig. 55,
and the contribution to [ is thus positive. It can effectively reduce
the antiparallel RKKY interaction which has even been reported for
perpendicular spin valves!®?. This correlated interface roughness can be
approximated by a sinusiodial waviness and following the field model

of Néel the dipolar orange-peel coupling is given by!®!:

2 A2 A e Zn\/its

V2Atg S U
where A and A are the amplitude and the wavelength of the rough-
ness profile. tg and ts are the thicknesses of the free layer (FL) and
spacer, respectively. At a given A the coupling has a maximum at

Ao = 271\/2t. Fig. 56 shows the coupling field strength for different
choice of parameters in eq. 52.

Hn(AA) = (52)

25F
(@ AIA] _

20l—5 10 ts=30 A

75 —11 t-,=80 A
gisr
£10+
5 -

ok /'1 ] ]
0 100 200 300 40C 0 100 200 300 40¢

roughness profile [A] roughness profile [A]

Figure 56: orange peel effect for different parameters for eq. 52, using typical (a)
CPP-GMR and (b) TMR device film thicknesses and Mg = 1000 emu/cc. The effect
is larger for TMR devices, since typically small, e.g. tg ~ 20 A and ts~ 6 A increase
Hy, following eq. 52.

Exchange coupling in CPP-GMR stacks

A CPP-GMR pseudo-spin valve stack (no pinning, see p. 97) is deposited
onto the record-Q(T)Ol, low-RA seed/buffer combination (see tab. 1).
The complete stack is depicted in fig. 57. Its spacer layer is Ag with a
thickness ranging from 17 to 43 A. Ag is cryo-deposited at -125°C, as de-
scribed earlier. The finished stack is in-situ annealed via RTA at 400°C
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for 600 seconds. Low field MOKE-measurements in the range [—500,
500] Oe are shown in fig. 58 (a). The normalized Kerr angle is defined as
a=M(H)/Ms. The shapes of the curves feature coupling signatures:

20 Ru E— at field strengths £5 Oe there is a visible kink. In order to visualize
60 CMS this kink the derivative dH/d« is shown in fig. 58 (b). The remanence is
tAg plotted in fig. 58 (c). Since for the bottom #5 =150 A and for the top
150 CMS tMS — 60 A, 90° pure biquadratic coupling would lead to a normalized
remanence M;/Ms ~ 0.78, while only bilinear AFM coupling would
give M;/Mg = 0.43. Bilinear FM coupling is not possible to estimate

100 Cr with this stack, but its contribution would lead to M,/Mg > 0.78.
20 Ti The kink around M/M; ~0.43 for all t5 of Ag suggests 180° coupling
° C%’;%E and the general trend of M,/ M~ 0.78 can be explained by an additional
Si/Sio2 small uncorrelated 90° coupling contribution at zero field. Another

Figure 57: CPP-GMR pseudo- possible explanation for the shape of the MOKE curves in fig. 58 (a) is

spin valve stack using CMS as : _ . .
top and bottom FM layer with simply an underlayer-dependent film quality, since the bottom CMS

variable ts. grows on Cr, while the top CMS is deposited onto Ag. To test this
. 1 A .
argument, another trilayer with £ =30 A and bottom t;™5 =100 A is
fabricated.
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Figure 58: (a): low-field MOKE curves for the stack depicted in fig. 57 for different ts of Ag. The curves feature possible
coupling signatures; (b): derivative dH/da shows kinks around -5 Oe and +5 Oe that are on the level of 180° bilinear coupling
and (c): the remanence suggests possible 90° biquadratic coupling.

Additionally, 30 A Ag cryo-deposited insertion layers sandwiching the
FM,/NM/FM; part of the stacks are inserted at -125°C, see fig. 59 (b).
The deposition conditions for each layer are identical to the stack in
fig. 57, wherefore no considerable change in FM/NM interface rough-
ness is expected. The normalized MOKE signal in fig. 59 shows no kink.
Therefore it can be concluded that the kink is a Cr underlayer effect on
the lower CMS electrode and not a result of bilinear interlayer coupling.
Furthermore both curves in fig. 59 (a) feature the same remanence,
which would not be the case for active biquadratic coupling because
the two stacks have different bottom fcys. Therefore, these polycrys-
talline pseudo spin valves exhibit no significant AFM bilinear or 90°
biquadratic coupling and the kink in fig. 58 (b) is the result of different
H_. for top and bottom FM due to a respective Cr and Ag underlayer.
162 1 S, Goripati et al., 7. Appl. Biquadratic exchange is also reported to be negligible for (001)-epitaxial
Physics 110, 12, 123914 (2011) CMS/Ag/CMS PSV!? with t; =5 nm deposited at RT. Oscillating AFM
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coupling is relevant for (001)-epitaxial CFMS/Ag/CFMS 6% samples for
0.5 <ts < 5 nm. Here it is most likely suppressed due to uncorrelated
roughness.

20 Ru
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Figure 59: (a): MOKE curves of the pseudo spin valve stack depicted in fig. 57 with

Ag spacer and t; = 30 A (red) and the one shown in (b) (black). No kink is visible for
the stack with Cr/Ag underlayer combination.

Lastly, to test for possible FM bilinear coupling, the same CPP-GMR
stack but with AFM-pinning and t?g =30 A is deposited on the same
seed/buffer as the previous pseudo spin valve. The stack is depicted in
fig. 60 (c). High-field MOKE data is shown in fig. 60 (a) and (b). With
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163 T. M. Nakatani et al., Appl.
Phys. Lett. 99, 18, 182505 (2011)
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Figure 60: (a): zoom of the high-field MOKE data of the (001)-textured and pinned CPP-GMR stack with CMS as RL and FL.
The orientation of the AFM, RL and FL is colored in green, red and blue, respectively. The switching of the FL is magnified
in (b) together with the BHLooper data (blue). The FL-MOKE signal is reduced due to depth sensibility. The strength of the
bilinear coupling can be quantified by the shift of the FL hysteresis, which is about —40 Oe.

this kind of stack any contribution of J; will shift the FL switching
curve (also called minor loop) away from the zero field position, i.e.
it will move it closer to (J; > 0) or away (J; < 0) from the AFM/RL
switching loop, respectively. J, will stretch/distort the hysteresis along
the x-direction due to the scissor-like switching of FL versus RL, but is
hard to estimate with this particular stack. The FL switching is shifted
by 40 Oe, smaller than for reported 3 nm Ag spacer sandwiched be-
tween CoFe electrodes!'®*. For comparison, the same FL/NM/RL trilayer
is grown on the record—Qg11 Ta/Ru seed combination. The Ag spacer
grows (111) here and the thickness of CMS can be reduced to the critical
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thickness t“MS = 60 A (obtained from fig. 42 (a); just before considerable
loss of M;). The full stack is shown in fig. 61 (c). Even though the
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Figure 61: (a): zoom of the high-field MOKE data of the (011)-textured and pinned CPP-GMR stack along the pinning
direction. Stack is shown in (c) with CMS as RL and FL; (b): H3 = —20 Oe.
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Figure 62: BHLooper of the same
stack as in fig. 61 (c), but with the
Ag spacer deposited at RT. The
agglomeration of Ag on CMS is
strong enough so that roughness
induced FM coupling prevents in-
dependent switching

bottom CMS is thinner, [; is reduced comparably to the (001)-textured
stack, hinting towards a improved FM/NM interface roughness. To
demonstrate the importance of Ag cryo-deposition, the same stack as
in fig. 61 (c) is grown with Ag at RT. BHLooper data is shown in fig. 62,
which shows, that RL and FL are strongly ferromagnetically coupled,
preventing independent switching.

Roughness estimation for orange-peel coupling

AFM images of the lower part of the stack including FM;, but without
Ag are recorded to estimate the morphological contribution of FMy,
to the FMy,/NM interface roughness. The cross section of the (001)-
textured stack from fig. 60 (but without Ag and successive layers) is
shown in fig. 63. It is noticeable that the main height fluctuations are
in the dimension of A ~ 100 A, see eq. 52. Thus contributions with
shorter wavelengths are filtered out with the help of a 1D Fourier
transformation and it is found that filtering out A <70 A captures the
essential morphological fluctuations that most likely contribute to the
orange-peel effect due to dipole formation, see fig. 63 (a). Local minima
and maxima are found by differentiating the filtered height profile
and looking for the zero-crossings, see fig. 63 (b). Then, the heights
and distances of about 250 adjacent local extrema are extracted and
respective histograms fitted to a log-normal distribution P(x)
1 — (Inx — x0)*

P(x) =
(x) 5 P 2

(53)

The same approach is conducted for the (011)-textured film, see fig. 63 (c).
Fig. 64 shows the histograms and fits for the two different texture type
stacks. By definition the fitted most abundant peak-to-valley height
is equal to twice the amplitude A. And twice the value of the most
prominent peak-to-valley distance is equal to the dominating sinusoidal
roughness wavelength A. However, the fit for the average peak-to-valley
height is poor and fails to extract a useful A for the (011)-textured film,
see fig. 64 (a). Therefore R, from AFM measurements will be used
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an AFM profile of the sample in
fig. 63 (b) (black) and 63 (c) (red).
The profile scan length is 2.5 pm.
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Figure 65: same stack as in fig. 61,
but with CFMS asRLand FL. [; =
0, since the minor loop shows
no offset. The major loop is not
shown here.

instead of A to calculate the dipolar field Hy. The obtained values are
summarized in tab. 6, where also roughness R, is added. Hy for both
Table 6: extracted roughness parameters (via AFM) of the FM;,/NM combinations used

in the CPP-GMR stacks. Hy is the orange-peel coupling field calculated via eq. 52 as
a function of A and A, explanation see text.

stack A [nm] A[A] R,[A] Hg[Oe]
(001) 16 1.7 2.1 0.37
(011) 32 n.a. 2.1 0.68

texture types is considerably smaller than the measured hysteresis-
offset seen in figs. 60 (b) and 61 (b). Furthermore, the extracted A for the

(011) stack is twice as large as compared to the (001) stack, which theo-

retically should lead to HC(IOH) > Hc(1001)’ taking the similar amplitudes

of both surface profiles into account, see fig. 56 (a), but the opposite
trend is obtained experimentally in the films, compare fig. 60 (b) and 61
(b). And comparatively, the roughness of FM, that perpetuates through
the spacer leading to a correlated roughness profile cannot be the lone
origin for the magnitude of the observed minor loop shift caused by
FM coupling in the samples. Pin-holes in the Ag spacer might add to
the magnitude.

The same stack as in fig. 60 (c) is grown with CFMS as RL and FL. All the
deposition parameters are the same. Interestingly, the bilinear coupling
is zero, see fig. 65. Because CFMS and CMS single films have an almost
indistinguishable roughness profile for both texture types, differences
in Ag growth on each Heusler are likely the reason for the observed
properties, specifically the formation of pin-holes which couple FM;,
with FM; with J; > 0. Both Ag cryo-deposition and addition of Y
(Y=Mg, Ti, Cu, Al) for Ag;_,Yx is proposed as spacer materials for the
fabrication of CPP-GMR devices in order to prevent pinhole formation.
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Tunable damping a for Coy_Ir,MnSi

Tunability of the Gilbert damping parameter %> in applied materials
for spintronic applications is a crucial step towards controlling switch-
ing behavior and thus the efficiency of a CPP-GMR, MRAM or STT-RAM
device. Fast relaxation of the magnetization into equilibrium without
ringing, i.e. an excessive precession of the magnetization vector!®, is
needed. Furthermore, the damping contribution during magnetization
precession points in the opposite direction of STT, where a current
through the layers disturbs the magnetization within the FM by ex-
erting a torque on it. This is desired for STT-switching applications
but reduces CPP-GMR device performance. Thus tunable damping will
help to balance the effect of STT. There have been different approaches,
i.e. modifying composition by rare-earth doping!®’, which however
leads to increasing film amorphization. Other efforts include change of
CMS composition by adding Co in Coy(y +X)Mn1,XSile168 which leads
to a reduction of half-metallicity'®® and increase of intrinsic damping
parameter & by introducing Co-antisites!’’. However, it has not been
attempted to tune the intrinsic damping while at the same time main-
taining HM properties. The controlled tuning of intrinsic damping of
the HM Heusler compound CMS by means of substituting Co with the
isoelectronic element Ir leads to Coy_yIryMnSi (CIMS) up to x = 1.0
(bulk) and 0.54 (thin films). Theoretical calculations!’! are combined
with bulk ingot preparation and sputtered thin films of this novel qua-
ternary Heusler compound. Damping is found to be linearly increasing
with substituent concentration whereas maintaining Mjs in bulk and
half-metallicity in theory!’2.

Bulk

Table 7: lattice constant a, magnetization M and Curie temperature of the bulk
samples.

x al[A] M [up/fu] @1.8K/298K T¢ [K]
0.00 5.660 5.0/5.0 1008
0.05 5.672 4.9/4.7 987
0.10 5.681 4.7/4.6 983
0.20 5.704 5.2/5.0 943
0.25 5.711 5.0/4.7 923
050 5.721 n.a. n.a.
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Figure 66: SEM phase contrast
images, numbers are at% com-
position Co-Ir-Mn-Si: (a) x=
0.25, single phase only; (b): x =
0.5, phase separation ( and
blue) and intermediate phase
(red).
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Table 7 shows Mg, Tc and lattice constants for the bulk samples.
There are slight variations in M which are not attributed to x but most
likely originate from arc melting parameter adjustments due to increas-
ing Ir content. Tc decreases about 100 K and the lattice parameter
increases by 1% when going from CopMnSi towards Coq 751rg 25MnSi.
Fig. 67 shows the corresponding XRD 26/w-scans.  The degree of
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Figure 67: XRD 26/w-scans for polycrystalline bulk samples for increasing substitution

of Co by Ir; inset: ordering after eq. 54

B2 and L2; ordering is evaluated by order parameter Apy /1>, and is
shown in the inset of fig. 67:

~1(002)/1(004) _I(111)/1(022)
B2 15(002) /15(004)” "1 T Iy (111)/15(022)

(54)

where I and Iy are the corresponding experimental and theoretical
integrated XRD peak intensities, respectively.

For x > 0.5, a secondary Ir-rich phase develops which cannot be cured
by subsequent melting and annealing for several days (fig. 66). The
curves in fig. 67 confirm this phase separation with the appearance of
broad peak-shoulders and peak splitting. A zoom into the (002) and
(004) peak region is given in fig. 68. The peak splitting for x > 0.5 can
be interpreted as the evolution of an additional tetragonal phase. This
would split the L2 (002) peak into DOy, (002), (110) and L2; (004) into
D0y (004), (220), respectively. Interestingly, with higher x the peak
splits increasingly into three individual peaks. This means that aside
from cubic L2 two tetragonal phases are present: the lattice constants
are either ¢ < \/Ea or ¢ > \/Ea. A simulation of these two cases is
exemplified in fig. 69. A comparison with the measured peak heights
in fig. 68 hints that both D0,, phases are present in addition to the
decreased cubic phase. The phase with ¢ < v/2a is more abundant than
c> \/Ea with increasing x.

Thin films

CIMS films with x = 0.23 and x = 0.41 have been co-sputtered on
(001)-MgO-subs/20MgO and post-annealed at 400°C for 5 hours. The
magnetization is zero and no (002) or (004) XRD reflexes are visible.
The use of a buffer material and/or elevated deposition temperature is
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necessary.

In order to enable technological applicability of the thin film stack
no MgO as seed material is added, but rather the developed Ti/Cr
combination is chosen to obtain the (001)-texture, which maintains a
low RA < 0.1 Qum?. The Ta/Ru seed combination is chosen for the
(011)-textured samples. The typical surface roughness is Ry =2 A, even
after annealing. The stacking is:

« (001)-texture: 30Ta/5CoFeB/20Ti/150Cr/180CIMS/20Ru
« (011)-texture: 20Ta/20Ru/180CIMS/20Ru

M is measured by BHLooper, whereas M. is obtained from the fitted
IP FMR response. Fig. 70 shows magnetization curves for the two dif-
ferently textures systems for varying x.
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Figure 70: magnetization loops (BHLooper) for three compositions with increasing
Ir content; (a)—(c): (001)-textured films with Ti/CoFeB/Cr seed/buffer combination;
(d)—(f): (011)-textured films with Ta/Ru seed. A magnetically dead layer of f=8 A

has been accounted for in (d)—(f). f is assumed to be constant throughout the range of
Ir content.

Ti/CoFeB/Cr seed/buffer, (001)-textured films

Instead of utilizing a Cr buffer on a single crystalline MgO substrate,
a full 8”Si wafer is coated with a high Q}; high-RA seed/buffer com-
bination, i.e. 20Ti/5CoFeB/20MgO/150Cr. Then a CIMS gradient is
deposited and in-situ annealed at 370°C for 1h. The complete stack is
shown in fig. 71. Additionally, a twin sample for compositional mea-
surements via XRF is deposited, which is further compared to calculated
Ir composition (as described on p. 31), see fig. 72 (a) and (b). The calcu-
lation of Ir composition shows very good agreement with the measured
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values and thus proves to be a valuable approach here, as it allows for
the evaluation of points close to the edge of the wafer. The ordering
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Figure 72: the measured composition on a wafer shown in (a) matches the calculated
Ir concentration in (b). The gray circles in (a) illustrate the XRF spot size of 4 cm
diameter (values in between are interpolated), whereas the smaller black circles in (a)
indicate the locations that have been measured with XRD (1cm diameter spot size).

of the (001)-oriented CIMS thin films is compared to that of the bulk
samples and theoretical expected values of XRD height ratios, see fig. 73.
For the thin films, the wafer locations depicted in fig. 72 (b) provide the
XRD data for varying x. Since Mg of CMS increases with higher order-
ing A2 — B2 + L21 and annealing temperature T,'”* and only B2 or
L2, order linearly increase Ipp2/Igos, A2 or inverse Heusler order can be
excluded. This confirms B2/L2; crystallization of the thin film samples
for the chosen seed/buffer type. For the damping investigations, CIMS
films with selected x are deposited with substrate rotation onto the
same ng buffer and (001) preferred orientation is again confirmed by
XRD 26/w-scans in fig. 74, which show only the substrate and (002) and
(004) Heusler peak (at least B2 order). Lattice constants obtained via
XRD, M; via BHLooper and Me¢ with FMR are summarized in fig. 78 (a)
and (b). There is a sensitive annealing dependence on all film properties,
but only if they contain Ir. For high Ir content with x > 0.48, Mg is
sufficiently higher than Ms, hinting towards an increasingly negative
Ké For the lower Ir concentrations this effect is less pronounced. Fur-
thermore for T, =500°C, M drops for all samples, which hints towards
film degradation due to high annealing temperatures. An explanation
for this would be Cr diffusion into the Heusler or disorder between
Co/Ir and Mn sites that can lead to the deterioration of My of samples
annealed at T, > 450°C!74. But here the sample with x = 0.0 shows
no degradation, thus Cr diffusion can be excluded (future Ag insertion
between Cr and Heusler could further prevent potential Cr diffusion).
More likely, after a critical annealing temperature, crystallization of
nanoclusters with fluctuating composition and magnetization takes
place, just as observed for the bulk samples, see fig. 66. This smears
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Si2 10 nm

Figure 75: STEM images of Ti/CoFeB/Cr buffered (001)-textured samples; (a): for x=
0.23, difference of contrast within the CIMS layers can be attributed to the formation
of clusters with differing Ir concentrations, which integrate into the lattice without
defects or stacking faults. The (001)-texture is clearly visible; (b): same region as in (a)
next to another composition. The image has been processed so that both luminosity
histograms of the lower Ta/CoFeB/Ti/Cr-part of the stack match. An increasing
clustering is apparent with increasing x.

out the resonance location and leads to a large frequency-independent
AHy which is about 4 times larger than in the films with Ta/Ru seed,
see fig. 78 (b). To prove this argument, scanning transmission electron
microscopy (STEM) cross section images of two samples with x =0.23
and x =0.47 (T, =450°C for both) are recorded and are shown in fig. 75.
Deviations in contrast are clearly visible within the CIMS layer, which
relate to density fluctuations. Brighter regions contain more Ir. This
has a peak broadening effect on AHj in the FMR spectra (not shown
here). Magnetization measurement results and FMR data evaluation are
shown in fig. 78. Another possible contribution to the large AHy could
lie in the antiferromagnetic nature of Cr, where local pinning centers
at step edges of the Cr/CIMS interface give rise to local anisotropies.

Overall, the sensitive dependence of the results on the annealing condi-
tions for this Cr-based seed/buffer system complicates the interpretation

of the data for the Cr-buffered (001)-oriented stacks.

Ta/Ru seed, (022)-textured films:

Since randomly distributed atoms (A2 disorder) lead to poor Ms!”> and
the fact that here Mj is not changing when T, > TY, one can associate
T? with formation of a B2 phase which leads to a high magnetization
curve with low coercivity, see fig. 70 (a)—(c). It is further known that
T, > TV eventually leads to L2; order'’®, which has to be investigated
via direct structural measurement techniques and will not be quantified
within the scope of this report. However, for T, > Tg, all measured
film properties for any x are absolutely independent of T,. This hints
towards successful B2/L2; mixed crystallization in our case, since the
magnetic properties, e.g. damping, are sensitively dependent on the
structural ordering!”’.

XRD 26/w-scans in fig. 76 show only the substrate and (022) Heusler
peak. There is a saturating jump for the (022) reflex after annealing at
specific minimal temperature T?(x) that increases with x, see fig. 76.

81

anneal

counts (a.u.)

40 44 48
20

Figure 76: 26/w XRD scans of
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cent to the (002) Heusler peak
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All annealing steps were 600 sec via RTA. Since there is no apparent
XRD-peak degeneration with increasing x, amorphization can be ex-
cluded. In fact, the peak intensity is rising with x due to an increasing
atomic form factor which proves the integration of Ir atoms into the
Heusler lattice. The films are 2-3% strained in c-direction as compared
to the bulk lattice parameters due to the smaller in-plane atomic dis-
tance in the (0002) Ru plane. Crystallite size obtained via the Scherrer
formula'’® is increasing with temperature and equals film thickness
at T?(x). (022) rocking curves (not shown here) gave FWHM ~4.5°,
negligibly depending on annealing temperature, which corresponds to
a minimum lateral coherent scattering crystallite size of ~ 25 A, accom-
panied by broadening due to mosaicity. This indicates distinct columnar
growth that is induced by the Ta/Ru seed layer.

All following results are from (022)-textured samples annealed at 500°C
if not indicated otherwise.

Fig. 77 shows the IP FMR response and fitted data (OP FMR data not
shown here). The resonance positions f (Hyes) are fitted via eq. 25. It is
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Figure 77: (a): IP FMR response, asymmetric Lorentzian fit and difference for selected
Ir concentrations for samples annealed at 500°C. The curves are shown with an offset
for better visibility; (b): (zoomed in) using results from a) and fitting it using the
solution to the LLG-equation eq. 25; (c): Fit for « and I with eq. 33. For the samples
with x=0.23, 0.34 and 0.47 a linear fit without the 2M term was performed.

pointed out, that fitting IP FMR f(Hes) is very sensitive to the chosen
range, which can lead to a comparably large uncertainty in M. '".
This is accounted for by fitting within different ranges and including
an error for M 4. It is further found that the fit following eq. 39 for
the OP case is less sensitive to the chosen range, leading to a smaller
error in Mjﬂ. Damping parameter « is evaluated following eq. 33 and

40, depending on the FMR configuration.
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Lattice constant a, Mg, H, M!é%, AHp, o'+, &'+ . Mg and T are
shown in fig. 78 (e)—-(h). There was a slight compositional difference of
the resulting films from the two targets which inevitably induced an
increasing Mn deficiency up to 5 at% (20 at% instead of 25 at% in the
compound) for x =0.54. This monotonically reduces M'® since the
Mn positions carry the main contributing magnetic moment. However,
the measured reduction of Mg with x is about twice as strong as the
estimation based on a simple removal of Mn from the octahedral posi-
tions predicts, as included in fig. 78 (f). Increasing anti-site disorder is
therefore suspected which additionally reduces the magnetic moments
of the neighboring atoms.

Since o = G/(’)/Ms)lgl, with G being the Gilbert constant, we phe-
nomenologically account for the Mn-depletion related loss of magne-
tization by evaluating a- Mg, that trends linearly with x. The propor-
tionality of the experimental data for a- M (X) is less drastic as « (x)
and more comparable to the theoretical slope, but still about a factor 2
larger.

For the IP case AH\ (f), see eq. 34, can be difficult to extract for
AH(f) data with small curvature, since the fit handles all linebroad-
ening contributions independently. Therefore two types of fits for the
IP linewidth data are presented: one that includes the expression for
AHjp (f), thus giving &', and one that omits it, where in the latter
case the resulting 2M-uncorrected-o'" is effectively enhanced, see fig. 78
(g), (h). It is found that the inclusion of the AH,y (f) term into the
fit leads to a very good agreement of a'' with &, but only if there are
data points in a wide enough frequency range!®?, thus validating this
approach even for less apparent curvatures in AH(f).

Tab. 8 summarizes thin film data obtained by XRD, BHLooper and FMR
measurements. It is noted that ¢ ~ ¢"'= ¢ (difference in g is <2%).
Note that the damping parameter a« = 0.003 of the CMS sample annealed
at T, =370°C is one magnitude smaller than for previously reported
CMS polycrystalline samples, i.e. « =0.025!%3 and even smaller than

Table 8: lattice constant a, M, damping parameter &, and « | from IP and OP FMR con-
figuration (respectively) of the (011)-textured films, two-magnon scattering strength
I' obtained from the IP data and the averaged g-factor of the thin film samples at
RT. The values for a'" printed in italic are the results from a linear regression where
the 2M term in eq. 25 was omitted, which clearly leads to an overestimation of the

intrinsic damping by comparison with a-.

x a[A]l M[us(fu)] a at T [Oe] g
0.00 5.668 4.9 0.0031 0.0030 8 2.034
0.23 5.719 4.7 0.0073 0.0064 n.a. 2.027
0.29 5.722 4.5 0.0071 0.0069 51 2.025
0.34 5.730 4.3 0.0128 0.0073 n.a. 2.033
0.41 5.738 4.1 0.0095 0.0097 100 2.025
0.47 5.740 3.9 0.0142 0.0109 n.a. 2.032
054 5.749 3.6 0.0121 0.0128 133 2.030
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Figure 78: (a)-(d): measured and calculated data on the (001)-textured CIMS films on Cr buffer; (a): film/bulk lattice parameter
obtained via XRD; (b): Mg and Mg (IP FMR configuration), H. and extrinsic contributions AHj (IP only); (c): intrinsic
damping «'"(x); (d): product of &" with corresponding Ms. Overall, the Cr buffered films show a strong temperature
dependence; (e)-(f): the same values as for (a)-(d) but for the (011)-textured CIMS films on Ta/Ru seed and for both the IP
and OP FMR configuration; (b): the red curve is the expected trend for a linearly increasing Mn depletion of 5 at% within
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for reported high quality epitaxial samples with B2!3% or 121 order

where & =0.0054!8 - in fact it is the to date lowest reported « for any
CMS film with a thickness below 20 nm. Therefore it hints towards
a high spin polarization for this sample!®®, which should be further
investigated. The high value for Mg =1004 emu/cc supports this argu-
ment. In any case, since B2 disorder maintains HM'®” this eases up the
requirements from an application perspective.

No thickness dependent FMR measurements for CIMS will be reported
here and one has to bear in mind that this thickness dependence can
account for the offset of experiment and theory in fig. 78 (h). Just as
presented for CMS and CFA in fig. 44, the extracted bulk damping pa-
rameter from the intercept with the ordinate will be smaller than «
from corresponding thin films, possibly due to unaccounted 2M con-
tributions. 2M-scattering is active when the magnon wave vector is
in the range k ~ 47tMgt/ D88 where t is thin film thickness and D
exchange stiffness. By interpolating a bulk value for &« with t — oo it
follows that k — oo. Since FMR probes k ~ 0 it is unaffected by 2M
then.

For both the (001)-textured films on Cr buffer and (011)-textured films
on Ta/Ru seed no tetragonal phase as in the bulk samples is observed.
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TMR

Introduction

The main component of many spintronic devices is the MT], where an
insulating barrier'®’ separates two FM layers. The resistance perpen-
dicular to the stack depends on the relative orientation of the magnetic
moments and in general the antiparallel (AP) state results in a higher
resistance than the parallel (P) orientation, i.e. Rap > Rp. This defines
the TMR:

TMR = (Rap — Rp)/Rp. (55)

At small voltages the resistance is related to spin polarization of the
conduction electrons and thus to the spin dependent density of states
(DOS) at the Fermi level (Ef) of the FM layers, allowing to rewrite the
TMR into the form!?

2B, P,

TMR = - — 2L
1— DB,P

(56)
with the spin polarizations P, and P; of the two FM layers. An unwanted
mechanism that typically adds to the conductivity of the antiparallel
state and thus reduction of TMR is inelastic tunneling caused by thermal
magnon excitation, which is the consequence of a non-ideal half-metal
with small minority-spin gap and/or interface states. Furthermore, if
the distance of Ef from a valence band is less than the level of thermal
fluctuation kgTrr =25.7 meV, spin polarization drastically decreases
with temperature.

Typically, TMR thin film samples are patterned into um-sized junctions
via photolithography and ion beam etching. Via multiple other fabrica-
tion steps, which will not be discussed in detail here, the junction can
be implemented into a HDD read head, which is sketched in fig. 79. A
hard bias (HB) orients the FL so that it is operating around 90° relative
to the RL. This guarantees a linear response but reduces the effective
magnetoresistance that can be utilized.

RA is widely used as a normalized measure of junction resistance, since
with R = p-t/A it is independent of the junction size. RA of MT]Js
typically ranges from 0.5 Qum?-1 MQum?, depending on the barrier
height. MRAM typically exhibits 4-1000 Qum?, whereas modern HDD
read heads have <1 Qum?. Low resistance metal based CPP-GMR type
sensors showcase RA ~ 50 mQum? and therefore have a considerably
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Figure 79: (a): typical HDD read
head with perpendicularly mag-

netized media. Indicated are
shield-to-shield distance (S2S),
sensor height (SH), track width
(TW) and media (green). Hard
bias is not shown here; (b): top
view with hard bias (HB), free
layer (FL) and reference layer
(RL).
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smaller measurable signal ARA =RAap—RAp, as compared to MTJs.
Together with the requirements of a uniform current through the CPP-
GMR junction the area needs to be ~100x100 nm?, which complicates
the route of measuring CPP-GMR compared to TMR, which will be
elucidated later.

A typical TMR stack is shown in fig. 80. First, a seed/buffer combination
is sputtered onto the plated NiFe shield. It generates a preferred orien-
tation and lays the foundation for the (111)-texture of the 70IrpgMnsg.
The first 20CoggFe layer is pinned via direct exchange coupling and is
termed P1. 4Ru serve as a metallic spacer for IEC of P1 with the second
part of the pinned layer, also called P2, which is a CoFe-based combina-
tion tri-layer with partial Boron addition, typically CoggFe40Bog between
CogpFeqq or a similar composition. Boron is included because of its
amorphous growth during deposition'®!. This increases the crystalline
quality of the MgO barrier during the post-annealing after deposition
(this effect was also relevant for the seed layer development section
on p. 39). The AFM/P1/Ru/P2 design is crudely speaking a synthetic
antiferromagnet (SAF) and the design is thus termed SAF-pinning. Its
advantages over a single AFM/P design is a reduction in magnetic stray
fields and a considerably stronger exchange bias Hex. The MgO barrier
follows, which can be either RF-sputtered or created by natural oxida-
tion, whereas the latter is advantageous because of reduced unwanted
oxidation of P21%2, Thereafter follows the FL, which is finalized with
dual layer of CoFeB and NiFe. This combination has shown to reduce
magnetostriction which would be detrimental to the TMR output and
device performance!”*. Lastly, the stack is capped with a specifically
engineered CIPT-cap that adjusts the top layer (all of which is deposited
after the barrier) sheet resistance to about 1 ()/L], see oncoming section.

Theory of CIPT

The comparably high RA of MTJs allows for a measurement technique
that makes junction patterning redundant: current-in-plane tunneling'®*
(CIPT) uses a four point probe to measure TMR and RA on an unpat-
terned wafer by placing the probes at appropriate spacings that range
from 3-59 pm (RA < 1 Qum?) to 1.5-8.3 um (RA > 1 kQum?)'*.

To illustrate the idea of CIPT, consider two contacts of a two point
probe having width W, length L and separation x, see fig. 81. Given
that L > x > W the wafer can be modeled by four resistors: two
horizontal ones along the two magnetic layers and two vertical ones
that include mainly the insulating barrier. The top and bottom layer
have the resistance xR/ L and xRy, /L, with sheet resistance R and
Ry, respectively. The vertical resistors each have area xL /2 and there-
fore resistance 2RA/xL. Solving the resistor network for the total
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resistance gives:

X RtRb Rt 1
Rix)=>—1"0 (1440t~ 57
(x) LRt-i-Rb( * Rb4+x2//\2) 57)

where A=/RA/(Rt+Ry,) which constitutes an intermediate length
scale at which some of the current flows through the barrier while

the vertical resistance is a substantial fraction of the total resistance.

This becomes apparent when evaluating eq. 57 for x — 0 or x — oo,
where in the first case the current flows only within the top layer
(MR jp =0) and in the second case it is distributed following a parallel
configuration of the top and bottom layer resistance (MRjp =0 as well,
since the barrier resistance is negligible compared to the horizontal
contributions). The resistance is now measured as a function of probe
tip spacing. MRgjp = (Rap—Rp)/Rp is then obtained by subtracting
the data from a parallel magnetization configuration fitted to R(x) from
the fit to the antiparallel case and using A ap = \/ RAap/(Rt+Ryp) and
Ap=+/RAp/(R¢+Ry,) for the respective case.

Eq. 57 is a simplified model. The exact analytical solution that can be
extended to four linearly aligned probes (to seperately measure voltage
while driving current) is obtained by starting from differential equations
that address current conservation and applying boundary conditions
for currents and electric fields. For this it is furthermore assumed that
Rit? < RA and Ry, t% <K RA, so that vertical voltage drops within the

top and bottom layers can be ignored. This leads to!%:

R— Refp T
Ri+ Rp 270
Rt a d b c bc
Bk (B 4 ko (£) —ko (2) =Ko (S) ) w1 (2],
e (00 () 450 () =0 (3) 0 () +n ()|

(58)

where the distances 4, b, ¢, and d are sketched in fig. 82 and K being the
modified Bessel function of the second kind of order zero. The data is

recorded for low field (-400 Oe — Rap) and high field (+400 Oe — Rp).

For fitting the data to eq. 58, Rp/ap is treated as a function of three
independent variables, i.e. Rt, Rp and RAp/ap. The probe pitches a, b,
¢, and d are given parameters for each point. It is important to notice
that low top layer resistance will always partly short the barrier and
thus effectively reduce MRp, depending on its ratio to the bottom
layer resistance. Therefore a high ratio of R/ Ry, = 10 is chosen by
depositing an appropriate CIPT-capping layer. An exemplary CIPT scan
of a full TMR stack with TMR =51% is shown in fig. 83.

Results

The introduction of a Heusler as FL to the TMR stack has a promising
starting point, since the deposition will be onto the MgO barrier. This
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Figure 82: sketch of the dimen-
sions of the CIPT four-contact
probe head.
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Figure 83: CFA used as FL in TMR stack (see next section) is measured via the CIPT
method and evaluated following eq. 58. The mean pitch is determined from the
parameters 4, b, ¢ and d which are the tip spacings of the CIPT probe. The line is a
plot of eq. 58 using the fit results for Ry, R, and RAp/ap (and MRcp).

renders nucleation conditions similar to growing it onto the high-RA
seed/buffer system which promoted (001)-texture. Using it as RL in
the P2 however not only demands (001)-texture, but also requires op-
timized growth conditions of (001)-MgO on this RL. The utilization
of the investigated (001)-seed/buffer layer combinations as presented
earlier is however not possible, since the bottom-pin material Ir,oMngg
demands for a specificly designed seed layer in order to generate large
exchange coupling. Therefore CMS and CFA are only employed as FL
in the TMR stack depicted in fig. 80 and the utilization as RL will not
be investigated here.

CMS FL for TMR

CMS has a higher B2 ordering temperature than CFA!7 and it is ex-
pected to provide higher TMR with increasing annealing temperature.
Nine stacks with the stacking as in fig. 80 with CMS as FL are prepared.
All samples are ex-situ postannealed at 285°C for 5 hours under 10
kOe magnetic field to promote crystallization and align the pinning.
The nine samples are divided in three groups: A, B and C. Each group
systematically investigates a different correlation with three samples:

group A has three varying CMS thicknesses and a 2 A CoFe termination
at the MgO interface on the FL side. This serves two investigative pur-
poses: CoFe-termination of CMS-based MT]Js is reported to destroy the
interfacial SP. The effect of surface termination is the same for CMS'*®
and CFMS'® and only Mn-Mn termination preserves high spin polar-
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ization. Since no pure Mn target is available, the reverse approach is
chosen here to see if a change of interface composition has an effect on
the TMR at all. Secondly, by gradually adding CMS to the FL, a critical
thickness can be evaluated and the impact of interface contribution
can be separated. All three stacks of group A are in-situ RTA treated
at 370°C for 10 seconds before the pinning anneal, as it is found to
generate sufficient B2 order.

Group B tests the influence of annealing for the optimal CMS thickness
established from group A, i.e. 6 A. All three stacks of group B are in-situ
RTA treated at different temperatures for 10 seconds.

Group C employs Co-Co-termination to investigate another possible —e

decrease of SP of CMS?%°. The intermediate CMS thickness of group A 40 1 2 3 __:_'/Q
is used and the previously established optimal annealing condition for — —e-C
CMS is tested. The group details are summarized in tab. 9. §30 i 3
Interestingly, increasing CMS thickness in group A decreases TMR and =

20
*-N\‘
Table 9: sample groups with different FL designs. The RTA treatment was done in-situ 101 32 1 !
for 10 seconds after the deposition of the FL.

0 I I I
group sample FL RTA [°C] 0.7 RA [gfmz] 0.9

1 2CoFe/6CMS 370 Figure 84: nine TMR stacks utiliz-
A 2 2CoFe/12CMS 370 ing CMS as FL, details see tab. 9.

3 2CoFe/20CMS 370 200 5. 7. Hashemifar, P. Kratzer,

1 6CMS - and M. Scheffler, Phys. Rev. Lett.
B 2 6CMS 325 94 (9 2005), p. 096402

3 6CMS 370

1 2Co/12CMS -
C 2 2Co/12CMS 325

3 2Co/12CMS 370

the highest value is obtained for 6 A CMS, terminated with 2 A CoFe
at the interface with MgO. Without CoFe (sample 3 of group B), TMR
drops to 15% with a slight RA increase for 6 A CMS and there only a
minor improvement on the TMR is observed with implementing the
additional 10 second in-situ RTA step (group B). In-situ RTA has the
highest impact on the Co-terminated 12 A CMS.

CFA FL for TMR

Since CFA is DC-cosputtered from three elemental targets, it gives the
opportunity to sputter a compositional gradient across the wafer, see
fig. 85 (a)—(c). The target arrangement is optimal for minimizing an un-
avoidable thickness gradient of ~ £30% (relativ to the center point), see
fig. 85 (d). Before deposition of the MT]J stacks, a 150 A CFA gradient
single film is deposited onto Si/SiO; with a 20Ti/5CoFeB/10MgO seed
to investigate the preferred orientation. Four points on the wafer are
scanned with XRD, i.e. the center and 80 mm from the center towards
each of the single element targets. 26/w scans are shown in fig. 86 and
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Figure 85: (a)-(c): Compositional range of the CFA gradient in at% for each element. The target positions are indicated by
arrows and gradients are calculated as explained in the chapter on page 31; (d) unavoidable systematic thickness gradient
profile due to CFA FL deposition without rotation and target arrangement; (e): MR and RA of the same CFA gradient as
shown in (d), implemented as FL into an TMR stack as in fig. 80 and measured via CIPT. The center spot has a total FL
thickness of tcpa = 25 A; (f): Full TMR stacks with 25 A stoichiometric CFA FL and MgO barrier thickness gradient which
effectively varies RA. One of the stacks is additionally treated in-situ with RTA at 450°C for 10 seconds before the pinning

annealing while the other is only annealed at 285°C for 5 hours.
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Figure 86: 260/w XRD scans of the 150 A CFA gradient on Si/SiO; with

20Ti/5CoFeB/10MgO seed. The inset depicts the XRD measurement spots on the
wafer (the black triangle is the wafer notch).

all points exhibit pure (001)-orientation. The lattice constant for CFA
(center point) is 5.69 A, which is the same value as reported for epitax-
ial films on MgO?’!, It is smaller than the literature value of 5.73 A%0?
due to a 5% lattice mismatch with MgO, which elongates the lattice
in-plane and reduces the out-of-plane height. The other three points
are off-stoichiometric but feature the same (002) and (004) diffraction
peaks as CFA when assuming the same L2; structure. Fig. 87 shows
the lattice constants for off-center spots, calculated independently from
the (002) and (004) reflex positions. Interestingly, all four compositions
lie within the L2 phase of the calculated ternary phase diagram?®.
However, binary bce Co-Fe combinations are added for comparability
and it is pointed out that the XRD measurement spot close to the Co
target (CogpFeq5Alp5) has with 4:1 a comparable Co to Fe ratio as the
binary CoysFeps, but features a smaller lattice constant than this phase,
hinting towards a ternary compound.

The (002)/(004) peak intensity ratio is evaluated for the four positions
on the CFA gradient wafer and compared to the theoretical values of the
L24, B2 and A2 structure to estimate the order in the stack, see fig. 88.
In the case of off-stoichiometric compositions it is assumed that an
excess/deficit of atoms is equally distributed over the sublattices corre-
sponding to the considered order. The center point with stoichiometric
CFA seems to consist of mixed B2/A2 order. The intensity ratio for the
composition CoggFe15Aly5 matches well for L2 ordering, but since this
is unlikely with the utilized annealing temperatures, it is rather a B2/A2
mix. CosgFes5Al 7 agrees well with the theoretical values for 1L21/B2
order, most likely the excess of Fe supports crystallization. The same
gradient deposition is now chosen to investigate the compositional
dependence of CFA on the TMR. A full TMR stack with tcpa =25 A
as FL (this leads to a maximum thickness variation of £7.5A) and
tmgo = 6.4 A is grown and treated in-situ with RTA at 370°C for 10
seconds after the deposition of CFA and CoFeB to crystallize the FL. Just
like the CMS based TMR stacks, the samples are post-annealed at 285°C
for 5 hours for crystallization and setting of the pinning. RA and TMR
for 25 A CFA gradient FL full TMR stack are shown in fig. 85 (e). TMR
drops rapidly with increasing Al content and exhibits a maximum at an
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off-stoichiometric composition of CosgFeyqAlys. Further experiments,
i.e. X-ray magnetic circular dichroism (XMCD) measurements or TEM
nano-diffraction for local order investigation, are necessary to elucidate
this peculiarity and the monotonic behavior of TMR throughout the
compositional range.

To investigate the TMR(R A) dependence of the stoichiometric 25 A CFA,
two full TMR stacks featuring a MgO thickness wedge are deposited
with fypg0 =4.9-7.9A. The difference between these two stacks is the
previously conducted in-situ annealing: only one wafer is treated with
RTA at 450°C for 10 seconds just after completing the CoFeB deposi-
tion after the FL. 450°C might be promoting better B2 crystallization of
CFA and higher TMR for epitaxial samples?’, but the TMR altogether
drops here, see fig. 85 (f). The overall RA is unaffected by the RTA step.
Interdiffusion, specifically of B into MgO is detrimental to the TMR??
and reducing the in-situ annealing temperature to 370°C instead of
450°C results in a significantly higher TMR(RA = 0.5 Qum?) ~50%,
see wafer center in fig. 85 (e). But on the other hand the 370°C anneal
is inferior to the result without RTA step. No in-situ annealing leads to
TMR(RA = 1Qum?) 22 60%. So far the highest reported values were
110% at 4 Qum? for epitaxial 25 A CFA/MgO/CoFe MTJs?* and about
10% at 1 Qum? for polycrystalline 20CFA/MgO/CoFe stacks?"’.
While the here reported TMR at this RA is by far the record value for
polycrystalline CFA, the wafer gradient approach reveals a fundamental
problem of the integration of this Heusler compound into MTJs. The
successful crystallization of the L2 phase has been reported neither
for polycrystalline nor epitaxial CFA films on (001)-MgO substrates
below 500°C due to the thermodynamic stability of CFA2%. Together
with the XRD data this strongly suggests B2 structure at the most,
i.e. Fe-Al anti-site disorder in the CFA FL. However, other types of
antisite-disorder could be the reason for gradual decline of TMR with
increasing Al content in fig. 85 (e), as possibly excess Al increasingly
occupies Fe and Co sites leading to increasing A2-type disorder, even
after high temperature post-annealing procedures®?’. This problem is
known for CFA as resonant and high energy photo emission measure-
ments by Wurmehl et al. show a discrepancy between bulk samples and
theory and strong difference in surface and bulk signatures. One sign
of (partial) A2 phase is a higher Mg than predicted for CFA%!? by the
Slater-Pauling rule?!!. Specifically Co-Al disorder drastically reduces
spin polarization for CFA?!2. In an attempt to recreate crystallization
as observed for the thicker CFA gradient film in fig. 86, a 100 A CFA
FL is integrated into the TMR stack. As shown earlier, a thicker CFA
film will lead to a small & which reflects good ordering®!>. However, a
decrease in TMR is the result, most likely due to an inferior growth of
thicker CFA on the MgO barrier. In order to increase TMR with CFA
it is suggested to use the related quaternary Heusler Co,Crg ¢Feq 4Al
which has a predicted SP of 97% for the L2; phase and 94% for B2214,
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CPP-GMR

Reduced spin-flip processes at the FM/spacer interface, as compared to
a FM/barrier interface in the case of a MTJ, makes a CPP-GMR structure
a promising detector for half-metallicity at RT?!>. The low RA of a
CPP-GMR SV leads to low noise and high SNR ratios?!®, while reducing
Johnson-noise?!”. For example, an all-metal CPP-GMR multilayer with
MR =10% and RA =40 mQum? has a better SNR than a TMR device
with MR = 50% and RA =1 Qum? when reducing the sensor width
below 35 nm?!8.

Unlike TMR, the GMR effect originates from spin-asymmetric scattering
of electrons in the spacer, spacer/FM interface and within the bulk-like
region the FM. The Valet-Fert model?!? assumes diffuse transport based
on the Boltzmann equation and uses a two-current series resistor in the
limit of infinite spin diffusion length Is;. Depending on the orientation of
the conduction electron spin relative to the magnetization, the resistivity
of the ferromagnet is different, i.e. shows an asymmetry with p; < p%,
where 1 means that the electron moment points along the magnetization
and | means it points in the opposite direction, where for the latter it
experiences increased scattering due to higher scattering probabilities
of an electron. The dimensionless bulk scattering asymmetry parameter

is B = (p% — p; )/(p% + pII ). The same asymmetry is active on the

N/FM interfaces and generally the interface resistance RIT\I/FM < RI%/FM.

The interface scattering asymmetry analogously can be defined as v =
(RI{I/FM - RIT\I/FM )/ (RI%/FM + RIT\I/FM)'

The change in the resistance area product ARA is now governed by
these parameters. For a FM},/N/FM; trilayer in the case of a CPP-GMR
SV with the same FM material, but with different thickness t, and t;
this leads to:

*k * 2
[Bog (tp + ) + 27RyemA]

ARA =
RAap ’

(59)

where pf = (101% + 1011) /4 = pr/(1—B?) and pr is the independently
measured resistivity of the ferromagnet (in an environment without
GMR). Rfy ey = (Riyen + Rlypn) /4

RAAap is the resistance area product in the antiparallel state and it
includes the resistances of all layers in the stack:

RAap = pF (tp + 1) + 2R\ypmA + pnin + RoA, (60)
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where py is the resistivity of the spacer and RoA is the sum of contribu-
tions other than originating from the FMy,/N/FM; part of the stack, e.g.
AFM pinning layer (see subsection Exchange-biased CPP-GMR stacks
below), seed/buffer layer or capping layers. It is possible to account
for RAg and extract a corrected MR by subtracting these contributions
from the denominator, which however ultimately doesn’t lead to any
change/gain in ARA.

ARA can be plotted vs. (t,+t;). When resistivities pn/pm and py are
known and Rnypym is established (e.g. first principle calculations), eq. 59
can then be used to fit for p and .

The general HDD read head design is the same as for TMR-based sensors
as illustrated in the previous section in fig. 79.

Latest reports on CPP-GMR

Compounds from the Heusler compound class currently hold the record
for CPP-GMR output. The most prominent and promising candidates
that have been reported for CPP-GMR in the last years are summa-
rized in tab. 10. Epitaxial samples feature higher ARA due to superior
crystalline quality. However, the record ARA values are obtained with
post-annealing temperatures T, > 500°C, which is unacceptable for in-
dustrial implementation. On the other hand the cited reports below the
solid double line in tab. 10 use lower annealing temperature T, ~300°C
and aim directly at realizing devices for applications. More details about
the processing and parameters can be found in the respective reports.
Almost all of the reports utilize full- instead of half-Heuslers, because
MR is significantly higher for the L2, full-Heusler (like CMS, CFA or
CFMS) as compared to the C1y, half Heusler (like NiMnSb), even though
the intrinsically wider bandgap??® for the latter can be advantageous
for a small temperature dependence and increased thermal stability of
the MR?21,

choice of spacer layer material

Because of its superior electrotransport properties, Ag holds the record
for CPP-GMR as spacer material®??. I of Ag thin films at 4.5 K is
It > 26 nm??3. Other reports measured i > 40 nm?** and I > 130 nm
for Ag wires??>. The recent use of a (111)-textured AgSn spacer in
combination with (011)-CoFe as FM electrode allowed for a reduction
of spacer thickness due to reduced roughness, decreased interlayer
coupling and less interdiffusion upon annealing®?®. While the resistivity
of AgSn is higher than Ag, it retains a long spin-diffusion length??’.
ARA with a spacer thickness ts =40 A is still largest when using Ag in
the report by Read et al., which reminds of the intrinsic superiority of
pure Ag as a noble metal with long spin-diffusion length and thus calls
for only a small and diluted addition of impurities to Ag when tailoring
spacer growth. However, the drastically improved corrosion-resistance
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of AgSn tested by submerging CPP-GMR devices in water plays in favor
of this spacer material and a trade-off in ARA should be considered as
a reasonable approach. Other Ag-impurity combinations like Ag-Ti can

potentially improve the thermal stability of the device

228

228 M. Kawamura et al., Vacuum

87 (2013), pp. 222-226

Table 10: recent output values for CPP-GMR devices. Italic values are at LT. Hono (2015) used a Mg 5Tip50 (MTO) seed for
the (001)-textured stack.

year FM spacer type RA [mOum?] ARA [mQum?] group
2009 CooMnSi Cr (001)-epitax. 125 6.5 Takanashi
2009 CopMnSi Ag (001)-epitax. 31 8.9 Takanashi
2010 CopMnSi Ag (001)-epitax. 32 11.5 Takanashi
2011 CopFep4Mng ¢Si Ag (001)-epitax. 156 116.7 Ando
2013 CopFeGags5Geq 5 Ag (001)-epitax. 21 12.0/33.0 Hono
2014 CopFexMnj_,Si Ag (001)-epitax. 31 17.2 Takanashi
2015 CopFeGags5Gegs CuspZngg (001)-epitax. 34 8.0 Hono
2015 CopFeGags5Geq 5 AgZn (001)-epitax. 36 21.5 Hono
2015 CogFepsMnpSi  AgpgsMgo1y  (001)-epitax. 36 16.0 Takanashi
2015 CopFeGag5Geq 5 NiAl (001)-epitax. 48 4.3 Hono
2015 NiMnSb Ag (001)-epitax. 26 2.1 Takanashi
2016 NiMnSb Ag (001)-epitax. 54 2.3 Hono
2011 CooMnGe Cu polycrystalline 40 4.0 Childress
2013 CopFeGags5Geg 5 Ag (011)-textured 40 4.0 Hono
2013 CopFeGag5Geq s Ag (001)-textured 36 5.8 Hono
2014 CopFep4Mng ¢Si Ag (001)-textured 50 9.0 Diao
2015 CopFeGags5Geq 5 Ag (001)-textured 241 6.6 Hono
2015 CoFe Agi_xSnyx  (011)-textured 40—-50 6.6 Childress

General requirements

Low damping is a signature of Heuslers that exhibit high spin polar-
ization due to a lack of spin-mixing channels and is required for low
thermal mag-noise in the device??’
ing time higher damping is preferable. Another way to support fast
switching is by utilizing a high anisotropy field Hk. The low junction re-
sistance R of the CPP-GMR stack, which is typically RA ~50 mQum?,
sets requirements for the bottom and top lead contact sheet resistance
(Rp and Ry) and the device sizing. Consider a cylindrical CPP-GMR
pillar with radius 7o, area A = nr% and height /1 exhibiting an average
resistivity p, see fig. 89. The bottom and top contacts of width w with
the resistivities p, and p; have thickness t}, and t;, respectively, leading
to their respective sheet resistance Ry, = p/t, and Ry = pt/t;. Note that
ph=RA.

. However, to minimize the switch-

Current crowding in the contacts

If the contact pad width w is much larger than the pillar junction radius
1o avoltage drop along the contacts can give rise to an additional current-
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contacts (gray) with properties
as described in the text. The con-
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in reality.
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crowding resistance R for both the AP/P state, which altogether can

230 1 Chen et al, J. Appl. reduce the measured MR. The relationship is given by?*°
Physics 91, 10 (2002), pp. 8783—
8785 Rec=~0.1(Rp + Ri) In (w/rp) . (61)

In other words the lead resistance can generate relevant resistance Rec
along the leads if their size to pillar radius ratio is large. However, a
voltage drop in the leads will ultimately only become relevant if Rec
is comparable to the resistance of the pillar (the smaller 7y the higher
Rec, but also the pillar resistance is R ~ 7 2). To prevent the impact
of R.. on the MR measurement therefore it has to be made sure that
RA > Ry /tt% /¢ For MT]Js with large RA ~ 1 kQum? and a typical
contact resistance of Ry, /y~1 (), using a millimeter-sized lead pad for
a junction size of A ~10x10 pm (simple photo-lithographic process)
will result in negligible Rq.. Because of the low RA of CPP-GMR SVs
however, the junction size has to be considerably smaller in order to
obtain a large enough measurable device resistance R ~7, 2 A helpful
pillar size estimation can be obtained by assessing the uniformity of
the current through the junction for a given lead resistance.

Non-uniform current through the pillar

Consider a situation where the contact resistivities pj, and p; are large
compared to the pillar resistance. Then the current that flows in the
contacts towards the cylindrical junction will be drained along the walls
of it instead of flowing uniformly throughout the whole junction.

To estimate if a current flows uniformly through the pillar with given
RA, the length parameter A=+/RA/(Rp+R¢) is evaluated. Chen et
al. derived an approximate expression®*! for the spatial distribution of

#1]. Chenetal,, J. Appl the voltage V (r) over the pillar:

Physics 91, 10 (2002), pp. 8783—
8785 V(r) =cly(r/A) (62)

where c is a constant that depends on the boundary conditions and
contains the total current flowing through the junction. Iy is the mod-
ified Bessel function of zeroth order of first kind. Uniform current in
the pillar now means that the current density is approximately equal
in all regions when progressing from the edge of the pillar at r =rg
towards the center » =0. When r( is considerably smaller than A so that
r/A <1 for any r < ¢, the Bessel function Iy(r/A) is approximately
equal to unity and only slowly increases ¥ — r(y wherefore the condition
for current uniformity is established. However, when r/A > 1 the
Bessel function increases exponentially (~ exp(r /A)/A/2mr/A) and
most of the current flows between ry and ro—A and not in the center of
the pillar. Conclusively, rg < A has to be fulfilled for a uniform current
flow.

MR output and SNR

Certainly, highest MR values are desirable and a necessary condition
for industrial applicability, but how much MR is really necessary? Ul-
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timately, the goal for a CPP-GMR device is to achieve a high voltage
output AU at a certain bias U, which is AU = MR - Upj,s = ARA -,
where j is the operating current density. AU has to dominate the noise
level and a high SNR is the main target. Therefore the performance of
a CPP-GMR device has to be measured in a series of quasi-static tests
(QST), where the output amplitude and noise level are monitored in
a simulated device operation under constant applied field for differ-
ent bias voltages. One will quickly notice that also the device size is
another critical parameter, as it is linked to stray fields which in turn
influence switching behavior. Another most relevant source of noise
is STT, which is increasing with current density, and Johnson noise,
which can be written as Uj = 4 /4kgTRAf, where T is temperature,
R is the device resistance and Af is the operating bandwidth (Af ~1
GHz).

Exchange-biased CPP-GMR stacks

For measuring GMR the strength of Hey is irrelevant and only the rela-
tive alignment of the magnetization directions P or AP is important?*2,
Therefore a simple exchange biased structure with FM/AFM coupling
is sufficient for the RL and no complex SAF design is necessary. In this
case a 25CoFe/70IrMn pinning layer combination can be used, which
can either designed below or above the FL, where CoFe is adjacent to
the spacer. After deposition, subsequent H-field annealing at 285°C
for 5 hours sets the pinning. However, the relatively high resistivity of
IrMn and the required minimal thickness of t;\n = 70 A, see fig. 90,
will reduce the MR output following eq. 59 by increasing RAap but
keeping ARA essentially the same. Therefore a design will be favored,
where the independent switching will not be generated by pinning to
an AFM, but with the help of shape anisotropy. No AFM is needed for
this design, also termed pseudo spin valve (PSV).

Pseudo Spin Valves (PSV)

Independent switching of the two FM layers can be achieved by ad-
justing the in-plane anisotropy of either one. This can be achieved by
patterning FM; (FL) into an elliptical shape with axis a, b and c, thus
utilizing shape anisotropy by the generation of a demagnetizing field
H, inside the FL. Hy will reduce the external field Hy to an effective
field H. Written in components one obtains:

H; = Ho; — NjjM;

with i,j=a,b,c. (63)

The shape of the PSV FL can be approximated by a general ellipsoid
with axis a, b and c. The demagnetization factor ./\/11 then has a diagonal

form with Ny +N,+Ne=1 via®3:
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Where T, =c/a and 1, =c/b. N, and N, are obtained by rotation, i.e.
Na=Nc(1/7,1,/71) and Ny =Ne(ta/ T, 1/ 7).

Assuming single domains in each FM layer, the anisotropy fields can
be calculated. To guarantee independent FL/RL switching it is recom-
mended to pattern the FL so that the saturation field is Hs ~ 500 Oe,
where Hg = [H.— Hy,|, i.e. the anisotropic field difference between b and
c axis. The necessary sensor height (longest axis of the ellipsoid, axis
c) of a pillar with 70 nm track width (axis b), 100 A FL thickness (axis
a) and Mg =1000 emu/cc to provide this amount of shape anisotropy
is estimated by using eq. 63 by setting Hyp. = 500 Oe and with the
corresponding demagnetization factors calculated using eq. 64. For the
given example, the optimal sensor height is about 100 nm, see fig. 91.
The total sensor thickness limits the maximum down-track resolution,
which is why generally minimal FL thickness should be targeted.

Status at WD

A special CPP-GMR device production route (short loop route) has been
implemented at WD, which allows for a high throughput device fabrica-
tion based on a PSV design. The device dimensions are chosen based on
the previous considerations. Anticipating a targeted RA =50 mQum?
and requiring the current crowding to be less than 5% allows for a
estimation of the maximum for the junction size. This is obtained by
using eq. 61 and setting Re. <0.05 RA/A, using A= m’% for approxi-
mated round pillars and inserting typical values for Ry, =0.1 ()/L] and
Ri=1 QyLI:

A-lnwﬁ < 5%-RA.

VA 0.11O

Eq. 65 is plotted in fig. 92 for different contact widths w and RA. The
capabilities of the available photo-lithography limit the contact size to
the smallest possible w~1 pm, thus calling for a junction size of about
0.007 um?, which is met by considering the discussion concerning the
shape anisotropy with the choice of 70x100 nm?. This gives a read head
resistance of about 7 ().

(65)

CPP-GMR stack design proposals

Based on the results acquired for CMS, CIMS and CFA the following
stacks are proposed to be manufactured by the short loop route. Also
the findings on potential spacer layer materials Ag and Cr will be
contributing to the design. All stacks will be deposited on AITiC wafers
with Py-shield (R, >~ 0.1 (). For all stacks the top contact will be mostly
consisting of Cu. With a measured pcy, =2.5 p{lem, a film thickness of
250 A is necessary to obtain R~1 (). A Ta interlayer between the cap
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and the top Ag will act as a Cu diffusion barrier. TaN would be even
better due to its extremely high interfacial diffusion energy barrier?3*,
The thickness of Ag in these proposals is chosen because of typical
values for the coalescence of islands of 30-50 A%3>, Furthermore it has
been shown here, that a Ag spacer thickness of 30 A or below results
in FM coupling for CMS. A thicker spacer with ts =60 A that is well
below I is therefore suggested but a thickness optimization will be
necessary.

1. (001)-textured CPP-GMR PSV

The stack is shown in fig. 93. A: the best (001)-texture seed/buffer com-
bination for low-RA stacks with ng =13 is chosen. This will result
in a lower RA than using recently reported rock-salt-type Mg, Ti, O
as seed?® which exhibited RA = 241 Qum?. B: a thin Cu layer will
reduce the critical thickness for Ag, improve the uniformity and prevent
roughening due to post-annealing. A minimal wafer temperature of
—140°C is achievable prior to deposition. This guarantees minimized
Ag roughness with R, <7 A. All Ag layers in the stack are deposited at
cryogenic temperature. C: FM1 and FM2 are CMS, CFA or CIMS. In-situ
RTA at 370°C (CMS) or higher?” (CIMS) for 600 seconds after finished
deposition fuses the Ag/Heusler/spacer/Heusler/Ag combination by
recrystallization on the Cr buffer template. A further enhancement
of spin polarization in CMS and reduction of post-annealing tempera-
ture can be achieved by using an alloy target CMS;_,Agy with x<4.5
at%>%. A similar effect is to be expected with the related compound
CIMS. D: the following spacer materials will be systematically tested:
cryo-deposited Ag; Agq_yAlx with x ~0.05 for thermal stability and
reduced agglomeration®?; Agy_, Tiy with 0.002 <x< 0.005 for lowest
p and suppressed agglomeration®??; Ag; Mg with 0.15<x< 0.2 for a
higly ordered L1, phase with an ordering temperature T < 350°C?*1,
Optimal lattice matching with CMS and CFA should also be considered.

2. (011)-textured CPP-GMR PSV

The omisson of a buffer layer gives this version an advantage of a
reduced stack height (by 100 A). As previously discussed, this texture
generally leads to a lower MR, as compared to the (001)-type. Cu
insertion will support smoother (111) Ag, even as not as significant as
for (001)-texture. The stacking is shown in fig. 94.
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