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Abstract

®

CrossMark

We have measured the anisotropy constant of polycrystalline PtMn thin films deposited on
different seed layer materials: Pt, Ru and Nb. Values as high as (2.5 +0.5) - 10’ergcm 3 were
achieved for samples deposited on Pt. The films can be crystallised into the antiferromagnetic,
face-centred-tetragonal phase on Ru and Pt seed layers at annealing temperatures compatible
with back-end-of-line conditions of up to 400 °C for one to three hours. Additionally these
antiferromagnetic layers, 8 nm thick, are highly thermally stable with median blocking
temperatures above 200 °C. The effect of diffusion on the stoichiometry of the PtMn layers is

discussed with regards to the different seed layer materials.

Keywords: antiferromagnetic materials, BEOL compatible materials, antiferromagnetism,

exchange bias, PtMn

1. Introduction

Magnetic random-access memory (MRAM) is a promising
non-volatile memory for embedded memories due to its lower
energy consumption and reduced cell area [1]. Whilst spin
transfer torque MRAM (STT-MRAM) is in production for
eFlash [2], in order to expand beyond such a niche application
it must out-compete static random-access memory. Currently,
STT-MRAM switching speeds show a cross-over point for the
slowest, L3 cache at around 5 ns [1], however the faster L1/L.2
caches below 1ns remain out of reach [3]. Recent develop-
ments in spin orbit torque MRAM (SOT-MRAM) have shown
a potential path to these applications, however this is still lim-
ited by excessive write currents, as well as the requirement
for an in-plane field for deterministic switching [4]. One of
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further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

the possible routes to enable lower energy and deterministic
SOT-MRAM, or even faster STT-MRAM, are antiferromag-
netic (AF) materials. As a storage layer, antiferromagnets are
interesting due to their effectively net-zero magnetic moment,
high magneto-crystalline anisotropy (>107 ergcm™3) and an
attempt frequency (>10''1s~!) [5-8]. Such characteristics
are expected to lead to lower write currents, higher thermal sta-
bility, better external stray-field robustness and faster reversal
dynamics.

One of the key requirements for embedded memory is com-
patibility with back end of line (BEOL) processes, which
are required for the integration of the MRAM cell into the
Complementary metal-oxide-semiconductor device arrays.
These processes can reach temperatures of up to 400 °C.
However, this temperature cannot be exceeded due to diffusion
of Cu from the contact layers, introducing a temperature win-
dow, or thermal budget. This strict requirement defines a nar-
row category of compatible materials. The primary material
investigated to date, [rMn, [9-11], shows significant degrada-
tion when annealed above 300 °C due to Mn diffusion into the
adjacent ferromagnetic and seed layers [12]. The composition
of IrMn varies away from the stoichiometric IrMnj3 to increase

© 2024 The Author(s). Published by IOP Publishing Ltd
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Figure 1. The L1, phase of PtMn, where silver are Mn and purple
are Pt with the (111) plane highlighted.

the anisotropy of the material, up to IrMns [13]. There are
approaches where this diffusion can be compensated [14, 15],
or even blocked [16]. However, even with this process engin-
eering, the maximum temperature possible before degradation
of properties is observed is ~350°C. Additionally Ir is excep-
tionally rare and expensive, extracted as 1%—5% of a typical
platinum mining yield. Therefore an alternative material must
be used.

PtMn alloys gained significant interest in the 2000 s as an
alternative material for thermal MRAM [17]. The optimisation
and crystallisation of equiatomic PtMn from the as-deposited,
disordered, face-centred cubic (fcc) phase to the highly aniso-
tropic face-centred-tetragonal (fct) L1 phase have been pre-
viously investigated by a number of groups, e.g. Ranjbar et al
[18, 19], but very little published data is available on the aniso-
tropy constant, K, of this material. The L1, phase is shown in
figure 1, with the (111) plane highlighted for reference. Kato
et al [20] reported a value of 8.0 - 10%ergecm 3 for MBE grown
films. However, for all applications polycrystalline sputtered
thin films with grain sizes circa 8—10 nm are used.

In this work, we have measured the anisotropy constant of
PtMn thin films deposited by sputtering on a range of seed lay-
ers using a technique we have described previously [21]. The
method, which will be described later, is based on a measure-
ment of the distribution of blocking temperatures in exchange
bias systems. Exchange bias is observed when a ferromagnetic
(F) layer is grown in direct contact with an antiferromagnet.
The exchange interaction across the F/AF interface results in
a shifted hysteresis loop along the field axis when the system
is field cooled.

Three materials were chosen for their lattice matching prop-
erties to the bulk-fct phase of PtMn: hcp Ru and fcc Nb and
Pt. These materials have lattice mismatches to the PtMn{ 111}

planes of —4.7%, —14.8% and +1.0% respectively and should
introduce a wide range of both compressive and tensile strains
on the PtMn, which are expected to affect the effective value
of the anisotropy constant [22]. For instance, using Nb seed
layers beneath PtMn is expected to induce more interfacial
defects or lead to a change in the growth mechanism due to
such a significant lattice parameter mismatch at the interface.
Such changes in the lattice should result in variations in the
magneto-crystalline anisotropy and affect both the exchange
bias field and the thermal stability of the AF spin ordering in
exchange bias systems.

2. Materials and methods

The samples were deposited onto thermally oxidised 300 mm
Si-(001) substrates using a cluster magnetron sputtering tool
(Canon-Anelva, EC7800). Due to the difference in sputter-
ing rates of the two component metals, the composition of the
PtMn target was Pty3 sMnsg 5. This ensured the on-wafer com-
position was equiatomic PtsyMn50, as was confirmed through
Rutherford backscattering spectroscopy using a NEC 6SDH
Pelletron accelerator with a range of H+ acceleration voltages
from 500keV to 3.5MeV. Three seed layers of X = (Ru,
Nb and Pt) were grown in a multilayer of TaN(2)/Ta (5)/X
(10)/PtMn (8)/ CoFeByy (2.5)/Mg (0.65)/Ta (5), where the
numbers in brackets are the thicknesses of the layers in nano-
meters. The composition of the CoFeB was CoygFegoBog. To
crystallise the PtMn layers into the desired highly anisotropic
tetragonal phase with AF spin ordering, the samples were
annealed and subsequently field cooled at 50 kOe for 90 min
(TEL MRT5000) in temperature steps of 25 °C from (325 to
475) °C for Ru seed layers and (325-425) °C for Nb and Pt
seed layers. The combinations of the temperatures and the
applied field act as the activation energy for the phase trans-
formation and the thermal activation energy to align the anti-
ferromagnetic spins. The orientation of the antiferromagnetic
spins in the PtMn is controlled by direct exchange from the fer-
romagnetic CoFeB during the thermally active stage and there-
fore the applied field must be sufficiently large to saturate the
F layer [23] . Additionally, interfacial AF spins are reported to
lead to a setting-field dependence of the exchange bias [24].
Therefore, a field of 50 kOe was selected as it was sufficient
to saturate both effects.

The magnetic properties were characterised using KLA-
Microsense Model 10 and LakeShore 8600 vibrating sample
magnetometers with sensitivities better than 1 x 10~° emu and
a field precision of 0.1 Oe. The temperature was varied in the
range 100498 K to allow for determination of the distribution
of blocking temperatures in the samples. These measurements
can be used to calculate the effective anisotropy constant of the
PtMn layers [21]. The measurement procedure to obtain such
curves has been described in detail previously [5]. Briefly, the
reproducible setting of the AF layer is achieved by heating the
sample in the presence of a magnetic field large enough to sat-
urate the F' layer. In our case a field of 10kOe was used with
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the system held in this configuration for 90 min given the log-
arithmic dependence of the setting process [25]. The samples
were then cooled to room temperature and the field reversed
so that the F layer was saturated in the opposite direction to
that used during the setting process. At this point the temper-
ature was increased to a value T, for 30 min still with the field
applied in the negative direction. The samples were finally
cooled to room temperature and the hysteresis loop measured.
By varying the value of T, in a systematic way the distribu-
tion of blocking temperatures in the AF can be mapped. As a
result the hysteresis loop of the F layer shifts from negative to
positive field values. The value of the loop shift He,(Tyet) at
any given activation temperature 7' is given by

Vact (Tact) Vset (Tset)

o (Toet) o — / F(V)dv+ /
Ve ( Tmeas ) Vact (Tac( )

where V. (Tieas) is the critical volume that is thermally stable
at the temperature of measurement, V. (T, ) is the critical
volume being activated at the activation temperature 7',¢ and
Viet(Tser) is the largest volume that can be set during the field
setting process. f(V) is the distribution of energy barriers in
the AF layer which is controlled by both the distribution of
grain volumes in the AF layer and the anisotropy constant of
the material K4p. Assuming K4 is uniform across grains, the
distribution of energy barriers reduces to the distribution of
volumes in the system. The values of V., V,. and V¢ can be
calculated as follows

fvydv. 1)

I (10fp) ks Trmeas

Ve (Tmeas) = Kar (T ) (2)
meas
In (1800fy) k5T,
In (5400fy ) kg T.

where K, is the anisotropy constant of the PtMn layer. The
factor 10 in equation (2) arises from the relaxation time being
equal to the measurement time. Similarly, the factors 1800 and
5400 in equations (3) and (4) are due to the those being the
times used to thermally activate and set the AF layer, respect-
ively. Finally, the temperature dependence of the anisotropy
was was taken as [5]

K(T) = K (0) (1 - T). 5)

Ty

For the crystallographic analysis, a Rigaku SmartLab x-ray
diffractometer (XRD) was used with a 9 KW rotating anode
Cu-K,, source and a Ge(220) 2-bounce monochromator with
an angular resolution <0.01°. Cross-section (scanning) trans-
mission electron microscope ((S)TEM) images were obtained
using an FEI Titan® G2 60-300 with a 200kV accelerating
voltage achieving a probe size of ~0.07 nm. Composition
mapping was measured with a Thermofisher Super-X EDS
with a minimum resolution of ~0.1 nm.

(b)

CoFeB (2.5 nm)/ Mg (0.6 nm)

PtMn (8m)

X (10 nm)

(©) (d)

Figure 2. Cross-section TEM micrographs of the multilayers with
(a) Pt, (b) Nb and (c) Ru seed layers annealed at 425 °C.

3. Results and discussion

3.1. Microscopy and spectroscopy

Figures 2(a)—(c) show the cross-sectional TEM micrographs
for the samples with Pt, Nb and Ru seed layers annealed at
425 °C. From figure 2(a) it is clear that the close lattice match
between Pt and PtMn leads to a textured growth with no large
dislocations at the interface and low roughness. The small
lattice mismatch of +1% and mutual solubility of the com-
ponents of the Pt, PtMn and CoFeB layers enabled diffusion
and intermixing. This is shown in figure 3(a) by an EDX line
trace of the multilayer shown in figure 2(a). The clear tail on
the lower side of the Mn profile, shown in dark green, indic-
ates diffusion of the Mn into the PtMn. This is not surprising
as Mn is highly mobile and prone to diffusion, especially at
elevated temperatures, and PtMn has a varied phase diagram
with a wide range of compositions [26—28]. This is a major
factor in the incompatibility of IrMn alloys with BEOL pro-
cessing, where their properties are destroyed by diffusion at
over 350 °C [10].

Mn diffusion will affect the PtMn composition, potentially
affecting the AF ordering. In this case a Mn concentration, and
therefore composition, gradient was formed through the PtMn
and Pt layers. The concentration of the Mn drops through the
Pt layer from 13% at the interface to 0% once the Ta layer is
reached. At the Pt interface a sharp change was observed in the
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line scan and as such the two layers have not completely inter-
mixed and a clear interface is still present. Additionally, at the
PtMn/CoFeB interface the ratio of Pt:Mn remains roughly 1:1,
indicating that the desired stoichiometry is maintained at the
interface. Hence, the fct structure with AF magnetic ordering
required to create an exchange bias is present, as discussed
in section 3.3. It is possible that the Mn diffusion gradient
decreased the lattice mismatch between the Pt and PtMn lay-
ers in order to lower the interfacial energy. This potentially
improved the crystallinity and decreased the roughness of the
PtMn film at the interface with CoFeB and ensured that a bulk-
like lattice was reached at the AF/F interface. However, in
order for these two criteria to be true, a minimum thickness,
tmin, of PtMn will be required to maintain the necessary com-
position at the AF/F interface and for the relaxation of the lat-
tice constant toward the bulk, or a suitable level of lattice strain
for the AF ordering to still be present and complete. There is
also a level of strain from the capping layer and the F layer
above the PtMn, competing with the strain from the seed layer.
In this work the layer thickness, #, was 8 nm. It is possible that
a thinner layer could be used, but the EDX line-scan shows a
clear gradient through at least 5 nm of the layer, indicating a
possible value of #,.

Figures 3(a) and 4(c) also show there was a distribution of
the Fe and, to a lesser extent, Co intensity outside the CoFeB
layer. A broad, distributed peak in the two distributions is at
its maximum at the interface of the PtMn and the Pt, suggest-
ing that the magnetic-layer ions migrated down grain bound-
aries in the PtMn layer. Similar behaviour has been observed
in stainless steels [29]. These ions then accumulated at the Pt
surface and diffused slowly into the Pt layer as indicated by the
tail of the distribution. This may be an attempt by the lattice
to reduce the interface energy due to mismatches. Figure 3(a)
also shows significant diffusion of the Ta throughout the mul-
tilayer, from both the seed and capping layers. The distribution
is uniform throughout the stack indicating the Ta is soluble in
each layer. The presence of Ta in magnetic layers will act to
poison the AF and F ordering and the magnetic properties are
discussed in section 3.3.

For the Nb seed layer, a similarly high quality growth is
shown in figure 2(b) and well oriented and crystalline seed and
PtMn layers were observed. Figure 3(b), however, shows that
the Nb was a far superior diffusion barrier than the Pt seed
layer with respect to several elements. Ta diffusion from the
bottom layer is heavily suppressed compared to figure 3(a)
and the Fe and Co distributions do not penetrate the Nb.
Instead these species were more intensely concentrated at the
Nb/PtMn interface. Furthermore the Mn diffusion from the
PtMn to the seed layer is reduced, with a much narrower dis-
tribution outside of the PtMn layer. With Nb present there is
a deeper diffusion of the Pt into the seed layer than of the
Mn, although it is difficult to distinguish between an enhance-
ment in the diffusion of Pt and a suppression of the diffusion
of Mn. However, the preference for diffusion of Pt increased
intermixing and the formation of a PtNb alloy is observed, as
shown in figure 4(d) and is discussed later in figure 5(b). Pt is
observed even below the Nb layer in the Ta seed, and as such
the composition will once again be off-stoichiometric in the
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Figure 3. EDX linescans for the samples with (a) Pt, (b) Nb and (c)
Ru seed layers annealed at 425 °C to show the elemental diffusion
in each layer.

PtMn layer, in a manganese rich form. This change in stoi-
chiomentry will have different effects to that observed in the
other seed layers, as discussed in section 3.3.

In the samples with a Ru seed layer an interesting com-
bination of the two behaviours was observed, as shown in
figure 3(c) and the associated maps in figures 4(g)—(i). There
is again a significant diffusion of the Fe and Co, however the
Fe very clearly moves through the grain boundaries of the Ru
seed layer. From both figures there is also a large amount of
Fe stopped at the Ru/PtMn interface and the diffusion through
the grain boundaries is much slower. Once the Fe has penet-
rated the Ru layer down these boundaries, it disperses evenly
once more through the Ta underlayer. For a Ru seed layer the
Mn diffusion is also reduced compared to the sample with a Pt
seed layer, however there is slight preference for Mn over Pt
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Figure 4. EDX maps of the Pt, Mn and Fe for the samples with (a), (b), (c) Pt, (d), (e), (f) Nb and (g, h (i) Ru seed layers annealed at 425 °C

to show the elemental diffusion in each layer.

diffusion. The Ru is also much more effective in preventing Ta
diffusion than Pt, like Nb. This will once again affect the stoi-
chiometry of the PtMn layers, although in this case creating a
Pt rich, rather than Mn rich, environment.

3.2. Crystallography

The out-of-plane XRD data for the three seed layers are shown
in figure 5. The multilayers with Pt seed layers are shown

in figure 5(a) and a good lattice match between the two lay-
ers is evident. The Mn diffusion shown in figure 3(a) acts
to relieve the strain between the two layers at the interface,
reducing the lattice mismatch from the bulk values and the
two lattices form a single, convoluted Bragg peak, as shown
in the figure. However, a shift in the single peak location is
observed when the annealing temperature reaches 425 °C and
the peak location shifts from the fcc- to fct-(111) location
for PtMn.
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Figure 5. Out-of-plane 6 — 26 scans of PtMn/CoFeB bilayers with
a (a) Pt, (b) Nb and (c) Ru seed layer after annealing for 1 h at a
range of temperatures. Major peak locations are labelled, and the fcc
and fct phases of PtMn shown.

Similar significant changes in crystallography are shown
for samples based on Nb and Ru seed layers in figures 5(b)
and (c) respectively. For the case of Nb seed layers the strain
is, however, compressive, with the PtMn-{111} peak shifted
by 1.4% for the sample deposited at 325 °C. As the annealing
temperature is increased the strain from the bulk value relaxes
to 0.44%. However, an additional change is observed in the
Nb peak, away from any bulk reflection for elemental Nb. This
agrees with the Pt diffusion seen in the EDX data in figure 3(b)
and a PtND alloy may be forming with a highly distorted lat-
tice. The peak is composed of two distributions, implying a
mixing of phases within the Nb seed layer. This will result in
amixed seed layer for the PtMn growth and may lead to incon-
sistencies in the AF properties across the bulk of the film. This
is also indicated by the low intensity of the normalised reflec-
tion when compared to the PtMn layers with a Pt or Ru seed
layer.

For the Ru seed layer systems shown in figure 5(c) the
PtMn is deposited in a tensile-strain state, with the shift from
the highly sensitive bulk, fct {222} position increasing from
0.35% to 0.73% as the annealing temperature increases. There
is a significant increase in the intensity of the {111} reflection
as the temperature exceeds 375 °C indicating a large increase
in crystallinity.

3.3. Magnetic data

Figures 6(a)—(c) show the in-plane M-H-loops for all of
the samples. Figure 6(a) shows the hysteresis loops for the
samples with Pt seed layers. The key parameters from the hys-
teresis loops are presented in table 1 for ease of comparison.
The samples annealed at (325 & 375) °C have similar loop
shapes and moderate loop shifts of (320 & 380) Oe respect-
ively. For the sample annealed at 425 °C this drops to 210 Oe
and a large change in the loop shape is observed. The square-
ness drops from >0.9 to 0.8 with a significant loop canting.
This indicates a move away from a domain nucleation and
propagation controlled reversal mechanism, to one dominated
by domain wall pinning.

This has two possible origins. Firstly, it could be due
to an increase in interfacial roughness due to intermixing
and the inclusion of large pinning sites in the ferromag-
netic layer. From the cross section and EDX mapping data
in figure 3 this seems unlikely as low-roughness interfaces
are observed and no significant diffusion into the CoFeB
layer occurs. It is therefore more likely that the change in
reversal comes from an increase in the anisotropy of the
pinning PtMn layer. This inverse trend of decreasing H.,
with increasing K is observed in other systems such as [rMn
alloys [13].

A similar trend is observed for the samples grown on Ru
seed layer, as shown in figure 6(c). The increasing annealing
temperature acts to improve the properties of the AF layer, due
to crystallisation and phase transformation. As the temperature
increases the canting of the loop gets more pronounced and
the loop squareness decreases. This indicates an increase in
the anisotropy of the PtMn layer, as in the Pt seed layer based
samples.
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Figure 6. Hysteresis loops of PtMn/CoFeB samples with seed layers of (a) Pt, (b) Nb and (c) Ru, after annealing for 1 h in a 50kOe field at
increasing temperatures from 325 to 425 °C and additionally 475 °C for the sample wit ha Ru seed layer. (d), (¢) and (f) The corresponding
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subsequently the anisotropy of the PtMn layer, Kar.
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Table 1. Comparison table of key results of hysteresis loop measurements for the samples with all seed layers.

H. (Oe) He, (Oe) Squareness

Seed Tann (°C) (£5) (£5) (££0.05)
325 980 325 0.95
Pt 375 910 380 0.90
425 915 210 0.80
325 120 25 0.90
Nb 375 305 95 0.90
425 205 60 0.85
325 525 160 0.95
R 375 915 385 0.95
4 425 945 335 0.85
475 705 345 0.85

Table 2. The summary of blocking curve

measurements to determine K4r for PtMn.

Kar (X 10’ erg cm_3)

Dm (nm) o
Seed Tann (°C) (£0.5) (£0.05) (£20%)
325 6.0 0.33 1.8
Pt 375 6.0 0.33 1.8
425 6.0 0.33 25
325 6.5 0.34 0.37
Nb 375 6.5 0.34 0.38
425 6.5 0.34 0.70
325 7.2 0.18 0.85
R 375 7.2 0.18 0.90
4 425 7.2 0.18 0.90
475 7.2 0.18 0.92

Nb seed layers lead to a very small exchange bias in the
multilayer, up to only 60 Oe, despite the PtMn looking well
ordered and crystalline in figure 2(b). A small change in loop
shape is also observed at the highest annealing temperature,
but the effect is limited beyond a drop in H.,. This reduced
loop shift is probably due to the significant lattice mismatch
between Nb and PtMn which limits the formation of the highly
anisotropic PtMn AF phase. Furthermore the diffusion Pt from
the PtMn layer into the Nb seed layer may lead to the formation
of a PtNb alloy, as mentioned earlier, which could negatively
affect the composition of the alloy.

This was investigated further by measuring the distribu-
tion of blocking temperatures for each sample shown in
figures 6(d)—(f), the main results and parameters of which
are shown in table 2. The solid lines in the figures are cal-
culated fits using equation (1). Inevitably certain assumptions
had to be made. Firstly, the grain size distribution within the
films is unknown. We have used Scherrer analysis [30] of
the broadening of the (222) PtMn reflection to estimate the
crystallite size within the films. The crystallite size is use-
ful for this calculation compared to a grain size as it gives a
volume of crystal ordering and therefore of uniform magnetic
order. This yielded values of (6.0, 6.5 and 7.2) nm for the Pt,

Nb and Ru based samples, respectively. We have also com-
pared these values to the granular structure observed in sev-
eral TEM cross section images for each sample and the val-
ues agree within error <10%, implying that the crystallite and
mean grain sizes, Dy,, are the same. It is important to note that
for the complete analysis presented a median volume fraction
is required, not the mean grain diameter. As such a signific-
ant additional error is introduced. The Néel temperature for
the films was taken as the bulk value of 970 K [26] and the
attempt frequency for the antiferromagnet as 2.1 - 10'2s~! [6]
leaving only the standard deviation of the lognormal distribu-
tion of grain sizes, o, and the desired value K,r as floating
parameters. The value of fy is taken from the value for [rMn
and as such comes with a significant uncertainty. The solid
lines in figures 6(d)—(f) are calculated fits using equation (1).
There is good agreement between the experimental data and
the theoretical fits calculated as described above. The para-
meters used to fit the data in figures 6(d)—(f) are summarised in
table 2.

The data confirm that a composition change has taken place
at elevated annealing temperatures of 425 °C. The increase in
anisotropy is related to the peak shifts in figure 5, confirming
that a phase transformation to the desired fct phase has at least
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partially occurred. Furthermore the value of 2.5 - 107 ergcm ™3
obtained for the sample with a Pt seed layer is very high, com-
parable to that reported for I'Mn at 2.9 - 107 ergcm 3. A signi-
ficantly higher value of K4 is obtained for the samples depos-
ited on a Ru and Pt seed layer compared to samples with a Nb
seed layer. This is probably the reason for the rounder hyster-
esis loops obtained for these systems compared to the hyster-
esis loops measured for the Nb based samples. A higher aniso-
tropy can increase the degree of domain wall pinning in the
CoFeB layer resulting in rounder hysteresis loops [15].

4. Conclusions

We have shown that the crystallisation of PtMn thin films into
the anisotropic L1y phase was achieved by annealing at tem-
peratures up to, and above, BEOL conditions enabling median
blocking temperatures above 200 °C. This is well in excess of
the temperatures required to meet auto-grade-1 applications
(—40°C to 150°C) [31]. A significant increase in anisotropy
was observed with increasing annealing temperature, espe-
cially in samples with a Pt seed layer where the value of K =
2.97-10” ergem™>. EDX, TEM and XRD have shown that re-
crystallisation into a highly ordered system occurred. However
there is significant diffusion regulated choice of material for
the seed layer. Interestingly, Fe has been found to migrate
through PtMn with ease, and to congregate at the grain bound-
aries of a columnar Ru seed layer. A full phase transforma-
tion with reduced diffusion effects may be achieved by fur-
ther optimisation of the seed layer and of the ferromagnetic
layer.
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