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The effect of annealing on the structural stability of (Pty,m/C0¢.4nm)3/IrtMny,,, multilayers has
been investigated using atom probe tomography. The composition of individual layers was
measured after annealing at 300, 400, 500, and 700 °C. While results show that the (Pt/Co)s/IrMn
stacking sequence is preserved up to 400 °C, there is an almost complete destruction of the
multilayered structure when annealing at higher temperatures (500 and 700 °C). Co layers no
more alternate with Pt-rich layers. The whole stack is transformed into an IrCo/PtMn bilayer.
These results are interpreted on the basis of atomic mobilities and chemical affinities. Diffusion
of Co and Mn is shown to become important when annealing temperature approaches 500 °C.
Results are well accounted for by thermodynamics arguments considering the Co-Ir and Pt-Mn

phase diagrams. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4745033]

I. INTRODUCTION

Exchange bias effect in ferromagnetic (FM)/antiferro-
magnetic (AFM) bilayers is macroscopically evidenced by a
shift of the magnetic hysteresis loop along the magnetic field
axis direction (exchange bias field, Hg). This phenomenon
finds its origin from exchange interaction between FM and
AFM layers across their interface. Optimum loop shift is
generally obtained after annealing and field cooling from
above the blocking temperature of the AFM layer.'™ During
the last decade, these systems have been extensively investi-
gated due to their applications in the development of spin-
tronic devices, such as spin valves and tunnel junctions.®’
Perpendicular exchange bias effect has been widely stud-
ied’™'! in the context of spin valves or tunnel junctions with
perpendicular-to-plane magnetization.'>'?

Among these systems, (Pt/Co), FM multilayers
exchange-coupled to an AFM layer, such as IrMn or FeMn,
have been intensively studied. The perpendicular anisotropy
of FM multilayers depends on several parameters, such as
the number (n) of (Pt/Co) repeats or the thickness of the Co
and Pt layers.m_15 For small Co thicknesses (0.4 nm), it has
been shown that an increase of the exchange bias field Hg
can be obtained by introducing an ultrathin Pt layer between
the (Pt/Co), multilayer and the IrMn layer.lz’13 1017 This
phenomenon has been ascribed to the reinforcement of the
perpendicular orientation of the topmost Co magnetization
by the introduction of an additional Co/Pt interface.'”'®
Recently, we have shown that in (Pt;,,/C00.40m)3/Pto.4 nm/
IrMny,,,, multilayers, the Pt spacer acts as a diffusion barrier,
which prevents Mn diffusion into the Co layer in contact
with IrMn and thereby also contributes to the reinforcement
of the perpendicular anisotropy.'' In these multilayers,
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Mn atoms seem to be trapped by the Pt atoms of the spacer.
The (Pt/Co)s/IrMn multilayers studied in the above cited
papers were generally annealed at a temperature around
250°C and field-cooled down to room temperature in order
to induce the magnetic exchange anisotropy.

In this work, we investigate the influence of further
annealing at higher temperatures on the structural evolution
of (Pt2nm/C00 4 nm)3/IrtMn7,,,, multilayers. Following the ini-
tial and usual field cooling at 250 °C, the samples were addi-
tionally annealed at four different temperatures (300, 400,
500, and 700 °C) for 1 h. The compositions of the individual
layers were subsequently characterized at the atomic scale
using laser-assisted atom probe tomography (APT). Compar-
ison of the results allows a deeper understanding of diffusion
processes involved in the observed compositional changes.

Il. EXPERIMENTAL: SAMPLES PREPARATION

Taznm/[(Pt2nm/C00.4 nm)3/ItMn 73, 17/Ptionm - multilayers
were deposited onto a Si/SiO,/substrate by DC magnetron
sputtering at room temperature, using a 5.3 x 107® Pa base
pressure and a 0.25 Pa Ar pressure during deposition. Layers
being very thin, the (Pt/Co);/IrMn sequence was repeated
seven times in order to obtain a large enough analyzed vol-
ume and to allow an accurate analysis of interfaces by APT.
Multilayers were subsequently annealed at 250°C during
half an hour in a separate oven under a pressure of 10~ Pa
and cooled under a 2.4 kOe magnetic field applied perpen-
dicular to the film plane. This is the usual procedure used to
set the exchange bias magnetic properties.” This state consti-
tutes our as-prepared state and will be used as our starting
point.

APT is a unique tool able to map out the 3D distribution
of atoms at the atomic scale. The principle of this technique
is based on field evaporation of surface atoms from a sample
prepared in the form of sharp needles, with an end radius

© 2012 American Institute of Physics



043904-2 Lechevallier et al.

less than 50 nm, and on their subsequent chemical identifica-
tion by time-of-flight mass spectrometry.”>*> The evaporated
atoms are collected by a time-resolved position-sensitive de-
tector that provides both the time of flight and the position of
incoming ions. This combined information allows deducing
the chemical nature of evaporated ions and calculating the
position from which atoms originate at the tip surface. The
3D reconstruction of the analyzed volume and the subse-
quent observation of the spatial distribution of chemical spe-
cies at the atomic scale are thus made possible. This enables
the measurement of local chemical composition in any arbi-
trary zones of the reconstructed volume at the nanometer
scale. Concentration profiles”* with a depth resolution better
than half an atomic plane can be generated.”” More details
are available in the following publications.'’" Multilayers
analysed by APT are deposited onto pre-patterned substrates
consisting of an assembly of flat-topped Si (100) posts prior
etching procedure. These substrates with posts of 100 um
height and 10 x 10 um? area are obtained after patterning of
the Si wafer by a Bosch process.””*® Following the initial
field cooling from 250°C down to room temperature, the
samples were further annealed at 300, 400, 500, and 700 °C
for 1 h. Their temperature was subsequently decreased down
to room temperature. The heat treatments were performed
under vacuum (1072 Pa) in a resistive furnace. APT speci-
mens were subsequently etched in the shape of sharp needles
using a focused ion beam (FIB). APT samples were analyzed
by laser assisted tomographic atom probe (LATAP) at SOK
in an ultrahigh vacuum chamber at a pressure of 10~ %Pa.
The femtosecond laser pulse system used was an amplified
ytterbium-doped laser (AMPLITUDE SYSTEM s-pulse)
with a pulse length of 350 fs. The wavelength was fixed at
515 nm.

lll. RESULTS AND DISCUSSION
A. APT investigations

Multilayers investigated by APT consist of IrMn (80 at.
% of Mn) deposited on three Pt/Co bi-layers, Pt being the
first deposited layer of the (Pt/Co);/IrMn sequence. Let us
define these layers as Pty Coyyy, Pt(2), Co(, Pt(s), Cog,, the
subscript defining the order of deposition of Pt/Co bi-layers.
The spatial distributions of Pt, Co, Ir, and Mn atoms in such
[(Pt/Co)3/IrMn]; multilayers annealed at 300 and 400 °C are
depicted in Fig. 1. Each dot corresponds to a single atom of a
given nature (Pt, Co, Mn, Ir). The 3D image is oriented in
order to show the interfaces in cross section, i.e., perpendicu-
lar to the plane of view.

These maps show that the nominal stacking sequence is
preserved after annealing at both 300 and 400 °C. Two com-
plete sequences are presented. The three Co layers remain
well distinct. Composition profiles (Fig. 2) confirm that the
Co layers contain a large amount of Pt. Considering the very
low thickness of the Co layer, we infer that Co adopts the fcc
structure of the Pt layers as already shown in Ref. 27. The
presence of a large amount of Pt in Co layers can be
explained by considering the large miscibility of Pt in fcc Co
observed in the Co-Pt phase diagram.”® The composition of
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FIG. 1. APT elemental maps showing the distribution of Pt, Co, Ir, and Mn
atoms in [(Pt/Co);/IrMn]; multilayered samples annealed at 300 and 400 °C.

the IrMn layer is close to 20-80 at. % as expected from that
of the alloy target.

For the sake of clarity, let us define the two distinct inter-
faces labelled, respectively, as IrMn/Pt (A in Fig. 1, Pt depos-
ited on IrMn) and Co)/IrMn (B in Fig. 1, IrMn deposited on
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FIG. 2. Concentration profiles related to Pt, Co, Ir, and Mn atoms of one
sequence of the [(Pt/Co)s/IrMn]; multilayer for three samples before and af-
ter annealing at 300 and 400 °C.
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the third Co layer Cos)). A careful examination of images
at 300°C (Fig. 1(a)) reveals a diffuse MnPt transient zone at
the IrMn/Pt interfaces (three such zones are visible in Fig.
1(a)) that is Mn-enriched (observed as a shift between the Mn
and Ir interfaces) The observed migration of Mn in Pt layer
looks less pronounced at 400 °C than at 300 °C. Such a migra-
tion is only apparent but not due to annealing effect. It is
related to the contrast in evaporation fields between Pt (high
field) and Mn (low field) which induce a local magnification
effect.”

Let us now focus on the Cos)/IrMn interfaces. In con-
trast to the IrMn/Pt interfaces (A in Fig. 1), the Co)/IrMn
interfaces (B in Fig. 1) exhibit a different behaviour. At the
Cogs)/IrMn interface, Mn and Co are evaporated at the same
field. The contrast in evaporation fields between Co (evapo-
rated under low field) of the Cog, layer and Pt (evaporated
under high field) of the Pt layer does not induce any appa-
rent mixing at this interface. The similar position of Mn and
Ir at Cos)/IrMn interfaces at both 300 and 400 °C supports
the idea that Co mainly diffuses into IrMn. The larger spacing
between the two last Co layers (Co—Co(s)) is in favour of
this scenario. Note that the IrMn zone ends up at the Co-
depleted Pt layer, confirming the role of Pt as a diffusion
barrier preventing interdiffusion at Cos)/IrMn interfaces.'*"

The comparison between the concentration profiles
(Fig. 3) related to the three states (as prepared (i.e., annealed
at 250°C), further annealed at 300 and 400 °C) at the Cos)/
IrMn interface reveals a significant evolution with annealing.
The peak concentration in Co, layer decreases from 50 to
30 at. % when increasing annealing temperature. In addition,
the observed shift of the Co peak towards the IrMn layer
(dotted line) suggests that Co atoms have diffused into the
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FIG. 3. Concentration profiles related to Pt, Co, Ir, and Mn atoms at the

Cos)/IrMn interface of three [(Pt/Co)s/IrMn]; multilayered samples before
and after annealing at 300 and 400 °C.
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IrMn layer during annealing. A closer examination of Mn
and Pt profiles shows that they cross at a level increasing
from 15 at. % (before annealing) to 30 at. % (400 °C anneal-
ing), suggesting that Mn diffuses towards the Pt(s) layer dur-
ing annealing.

Elemental maps related to samples annealed at 500 and
700°C (Fig. 4) reveal both a drastic change in the structure
of the multilayer compared to lower annealing temperatures
(Figs. 1-3). Mn diffuses out of the IrMn layer and the char-
acteristic Pt/Co stacking sequence (Co-poor/Co-rich, see
Fig. 1) disappears. After annealing at 500 °C (Fig. 4(a)), Mn
atoms appear almost homogeneously distributed over the
whole multilayer. A faint depletion of Mn more clearly
appears in the right-side of the Ir-rich region, suggesting that
Mn atoms begin diffusing out of the IrMn layers. Unexpect-
edly, the IrMn layers now contain Co. IrMn layers are
expected to be Pt-depleted. However, this behaviour appears
less clear for 500 °C annealing, particularly for the left-side
IrMn layer of Fig. 4(a). This presence of Pt in the left-side
IrMn layer, not coherent with other results, is not understood
and remains an open question. The elemental map displayed
in Fig. 4 for the PtMn region and after annealing at 500 °C
would be consistent with a fcc crystalline structure of PtMn
(a=0.392nm). (111) planes containing Pt and Mn indeed
have a spacing close to that expected (d;;;~ 0.23nm)
(Fig. 5).

The general trend clarifies at 700 °C (Fig. 4(b)). One
observes the alternation of PtMn layers with IrCo. Mn and
Co have exchanged their role. IrMn layers are now Mn-
depleted and have a considerably larger Co content, to the
expense of the three initial Pt/Co bi-layers that are now Co-
depleted and Mn-enriched. Concentration profiles related to
samples annealed at 700 °C confirm the previous observa-
tions (Fig. 6). The IrCo layers alternate with thicker PtMn

Substrate

Top of the multilayer

FIG. 4. APT elemental maps showing the distribution of Pt, Co, Ir, and Mn
atoms in [(Pt/Co);/IrMn],; multilayered samples annealed at 500 and 700 °C.
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FIG. 5. APT elemental maps showing the distribution of Pt and Mn atoms in
the PtMn region (see Fig. 3) of [(Pt/Co)s;/IrMn]; multilayered samples
annealed at 500°C. (111) atomic planes containing both Pt and Mn atoms
are imaged.

layers. The latter are thicker than IrCo layers and replace the
former three Pt/Co bi-layers. The respective thicknesses of
PtMn and IrCo layers are consistent with concentrations. Pt
and Mn concentrations in the PtMn zone (the former three
Pt/Co bi-layers) are both close to 45 at. % (peak level) with a
remaining amount of Co close to 10 at. %. There is almost
no Ir in PtMn layers, confirming that Ir has not diffused out
of the IrMn layer. Ir and Co concentrations are both close to
40 at. % in IrCo zones in which Pt and Mn content is close to
10 at. %.

B. Discussion

The above results show that the (Pt/Co);/IrMn stacking
sequence is preserved up to annealing at 400 °C. In contrast,
an almost complete destruction of the multilayered structure
takes place when annealing at higher temperatures (500 and
700°C). In addition, an estimate of diffusion lengths after
1h (p ~ (6Dt, where D are the diffusion constants>’ of Pt in
Co or Co in Pt and t the annealing time) shows that atoms
migrate over distances of the order of 1 nm or larger only for
temperatures reaching 500°C (p~0.5nm) or higher
(p ~30nm at 700°C). The diffusion length of Pt in Co at
300°C (p < 0.1 nm) or 400 °C remains very small. However,
lattice defects produced during the deposition procedure are

700 °C

70

at. %

Thickness (nm)

Top of the multilayer Substrate

FIG. 6. Pt, Co, Ir, and Mn concentration profiles related to [(Pt/Co)s/IrMn];
multilayered samples annealed at 700 °C.
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likely to increase the mobility. Surface intermixing during Pt
deposition on Co by sputtering (as-deposited state) can also
be at the origin of the presence of Pt in the Co layers.” This
Co-Pt intermixing was already evidenced in similar multi-
layers in our previous studies.'” '

APT experiments (Fig. 4) reveal a cross diffusion of Mn
and Co. A rough estimate of the diffusion distances shows
that Mn migrates in Co over 0.4 nm at 500 °C and 150 nm at
700 °C. The mobility is thus very small at 300 and 400 °C. Ir,
and Pt to a smaller extent, are refractory elements that should
have lower mobilities (“cold” diffusers when taking the
reduced temperature T/T,, into account where T, is the
melting temperature). They are therefore much less affected
and move much less than Mn and Co (“hot” diffusers) that
have lower melting temperatures. IrMn changes into IrCo
while (Pt/Co); turns into a PtMn zone with a remaining
amount of Co of about 10 at. %. Mn atoms diffuse out of
IrMn towards the PtCo zone that becomes depleted in Co
which in turn diffuses into the IrMn layer. Ir atoms were not
observed to mix up with Pt atoms in the PtMn zone. An addi-
tional reason related to the atomic mobility is the Ir-Pt low
mutual miscibility. Pt-Ir phase diagram indeed exhibits a
large miscibility gap for temperatures below 900 °C.

The presence of an IrCo layer instead of IrMn for
T=500°C-700°C suggests a strong chemical affinity
between Ir and Co atoms. This affinity is supported by the
equilibrium phase diagram that exhibits a large mutual mis-
cibility of fcc Ir with Co when temperature exceeds 422 °C
(o-fce solid solution). Similarly, APT results suggest that Pt
atoms have a strong chemical affinity with Mn. In contrast,
the Pt-Mn phase diagram reveals a very low miscibility (Mn
has a more complex structure than fcc Pt). However, several
ordered intermetallic phases exist among them, as for exam-
ple the ff; Pt-Mn ordered phase that exists in a large concen-
tration range (33-60 at. % of Pt) within which falls the
observed Pt concentration (50 at. %). This could explain the
formation of the observed PtMn zone despite their low mu-
tual solubility.

In  (Pt2nm/COo 4 0m)3/Pto.a nm/ItMn7,, - multilayers, we
have shown that the Pt spacer acts as a diffusion barrier,
which limits Mn diffusion into the Co layer in contact with
IrMn and also contributes to the reinforcement of the perpen-
dicular anisotropy.'>'*~*' The strong mutual Mn-Pt affinity
could explain that, during deposition, Mn atoms deposited
on the Pt spacer are chemically stabilized, thanks to the Mn-
Pt affinity, preventing the propagation of Mn atoms towards
the Cos, layer. In these conditions, the Pt spacer would not
only act as a diffusion barrier, but also as a Mn pinning
layer.

IV. CONCLUSION

The effect of annealing on the structural stability of
(Pt2nm/C00.4 nm)3/IrtMn7,,,, multilayers has been investigated
using APT. The composition of individual layers (P,
Co-rich layers, IrMn) was measured after annealing the as
prepared state at 300, 400, 500, and 700°C. APT results
show that the (Pt/Co)s/IrMn stacking sequence is preserved
up to 400 °C. However, Pt is observed in Co layers despite
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this element is predicted to diffuse over very small distances
(<0.1nm) at such low temperatures (Co layers are thus
rather CoPt mixed layers). Lattice defects in supersaturation
caused by the deposition process may account for this rather
surprising result. Results show an almost complete destruc-
tion of the multilayered structure after annealing at higher
temperatures (500 and 700 °C). Pt-rich layers are no more
observed to alternate with mixed PtCo layers ((Pt/Co);). The
whole stack is transformed into an IrCo/PtMn bilayer. This
shows that Co diffuses towards IrMn layer and conversely,
Mn migrates out of the IrMn region and forms a new
PtMn-enriched phase (instead of (Pt/Co);) that is tentatively
interpreted as an ordered f§; phase. Diffusion of Co and Mn
becomes important only when temperature approaches
500 °C. Results are well accounted for by arguments consid-
ering the Co-Ir and Pt-Mn phase diagrams which show a
large Co-Ir mutual miscibility for T > 422 °C and the forma-
tion of a f/; Pt-Mn ordered phase with a large domain of
stability.
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