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Etching induced formation of interfacial FeMn in IrMn/CoFe bilayers

D. O’Donnell,! S. Hassan,' Y. Du,! N. Gauquelin,? D. Krishnan,?
J. Verbeeck,? R. Fan,® P. Steadman,® P. Bencok,> and A. N. Dobrynin'*
1Seagate Technology, 1 Disc Drive, Derry, BT48 0BF, Northern Ireland, JUK

EMAT, Universiteit Antwerpen, Gronenborgerlaan 171, 2020, Antwerpen, Belgium
I Diamond Light Source, Harwell Science and Innovation Campus, Didcot, OX11(0DE, Ozon, UK

Effect of ion etching on exchange bias in IrMng/CozoFeso bilayers is investigated. In spite of the
reduction of saturation magnetization caused by embedding of Ir from the capping layer into the
CoroFesp layer during the etching process, the exchange bias in samples with the samgithickness of
the CoroFeso layer is reducing in proportion to the etching power. XMCD ‘measurements revealed
the emergence of an uncompensated Mn magnetization after etching, which is antiferromagnetically
coupled to the ferromagnetic layer. This suggests etching induced formatiofi of small interfacial
FeMn regions which leads to the decrease of effective exchange coupling between ferromagnetic and

antiferromagnetic layers.

Exchange bias effect appears in ferromagnetic (FM)
- antiferromagnetic (AFM) nanoscale systems when
the AFM interfacial spin structure is set in a certain
direction either by deposition / annealing in magnetic
field or by field cooling through the AFM’s Néel temper-
ature [1, 2]. This leads to developing of unidirectional
anisotropy, when it is easier to reverse the FM part mag-
netization in the direction of the deposition / annealing
/ cooling field than in the opposite field direction, i.e.; a
horizontal shift of the magnetic hysteresil loop develops:
Technologicaly unidirectional unisotropy is widely used
for pinning FM layers in required directions invhard
disk drive (HDD) read / write heads [3-5] and magnetic
random access memory (MRAM) [6, 7]. IrMn is the most
technologically relevant AFM material due to its range
of blocking temperatures allowing to set the AFM by
annealing in field without affecting thefrest of the stack
layers [8-11]. The pinning strength, which is determined
by the interfacial FM / AFM exchange energy, is the
most critical parameter, which in/particular. defines the
device stability and possibility of reversal of the pinned
FM layers by operational maguetic fields or'spin transfer
torques (STT) [12, 13]. In/this work we focus on the
effect of ion etching of thesFM layer on exchange bias.
Such etching can be a part of magnetic tunnel junction
(MTJ) and MRAM staek definition, and it is important
to understand its effects on the/exchange coupling at
the FM/AFM interface in particlular with a view to
controlling the pinning/ield Strength.

The samples were prepared by DC magnetron sput-
tering in Anelva C7100 deposition system at the base
pressure ofed07% mbar. First a 1.5 nm Ta / 1.8 nm
Ru buffer layer was deposited on a thermally oxidized
200 mm, Si/SiOg wafers, following by a 7 nm thick
IrMng, which was deposited at 350°C. For one (refer-
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ence) samplena 2.5 mm thick CorzoFegy was deposited
at 250°C" on_toprof the IrMng layer, and capped with
a 2 nm thick MgO layer. For other samples a 5 nm
Co7pFesy layer was deposited 250°C' first, capped with
2amof Ir.. These samples were then transferred to the
etching chamber, where they were etched back to 2.5 nm
by ArT ons at 50 ccm Ar gas flow and at powers of
50W, 100W, 250W, and 300W. The etching rate for
the GorpFesp 5 nm / Ir 2 nm bilayer was calibrated for
different powers to target the 2.5 nm thick CoroFesq
layers. After etching the samples were capped with 2 nm
thick MgO layers. After the deposition the wafers were
annealed at 300°C' in the applied magnetic field of 5 T,
in order to induce the easy axis of exchange anisotropy
along the applied field direction.
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FIG. 1: Coercive field (H.) and exchange bias field (Hep) of
IrMn3/CoroFesp samples as a function of the etching power.

X-ray diffraction (XRD) was performed on all five
samples using Cu K-« radiation in 6-20 geometry. Cubic
structures for both CorgFesg and IrMns were confirmed
with the lattice parameters of 2.88 A for CorgFeso and
3.77 A for IrMns respectively. No significant XRD peak
shifts as a function of the etching power were observed.
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FIG. 2: Dependence of the CorgFes layer’s saturation mag-
netization on the etching power.
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FIG. 3: Dependence of the interfacial exchange energy density
between CoroFesp and IrMnjs layers (b) on the etching power.

IrMng has strong (111) texture, with only (L11) and
(222) peaks present. This also ceonfirms absence of the
ordered L1y IrMng phase, as althotigh disordered -~
and orderd Lls IrMnjs phases have very/close lattice
paramters, all allowed reflections for diserdered v IrMng
have either all Miller indicies hklreven, or all hkl odd,
while for the ordered phase combinatons of odd and
even h,k and [ are allowed [14]. The thicknesses of the
CoroFesq layers were_measured by X-ray fluorescence
(XRF), and they were 2.5 nm; 2.8 nm, 2.8 nm, 2.7 nm,
3.0 nm for samples etched at OWy 50W, 100W, 250W,
and 300W correspondingly, with the relative error of the
measurements being 1 %

Magnetization measurements were performed in a BH
looper at room temperature. Fig. 1 shows dependence
of obtained coércivity and exchange bias fields for
samples' etched jat different powers. It can be seen
that both “H.and H., decrease progressively with the
etiching power, with 2 fold drop in the H¢, value from
2881 Oe to 1444 Oe between the unetched and etched
at 300 W samples. Fig. 2 (a) shows the dependence
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FIG. 4: Cross section HAADF-STEM and EELS imaging of
samples etched at OW (a), 100W (b) and 300W (c). Green
rectangles on the STEM images (left panel) designate the
areas on which EELS analysis has been performed. From
EELS elemental mapping it can be seen that CoroFeso layer
is being contaminated by Ir as etching power increases. At a
lower etching power of 100 W Ir contamination is limited to
the top part of the CoroFesq layer (b). At the etching power
of 300 W embedded Ir can be seen throughout the CoroFesg
layer (c).

of the saturation magnetization M, as a function of
the etching power, also showing significant decrease
of M, after etching, from 22.6 kG to 13.8 kG. The
corresponding exchange bias energy density, obtained
from the expression E., = Hop Mgt gy, where tppy is the
thickness of the FM layer, is shown in Fig. 2 (b). E.,
reduction from 1.29 erg/cm? for the not etched sample
to 0.48 erg/cm? for sample etched at 300 W is observed.
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High Angle Annular Dark Field Scanning Transmis-
sion Electron Microscopy (HAADF-STEM) and electron
energy loss spectroscopy (EELS) were performed using
FEI Titan® microscope. Cross-sections of the samples
were prepared in inert atmosphere using a method de-
scribed elsewhere [15, 16]. EELS mapping was performed
at the following absorption edges: O (K edge), Mn (Lg 3
edges), Fe (Lo 3 edges), Co (La s edges), Ir (M4 5 edges).
On the left hand side of Fig. 4 HAADF-STEM images
of samples etched at OW (unetched), 100W, and 300W
are presented. On the right hand side of the same
figure EELS elemental maps obtained from the regions
contained in the rectangular areas shown on the left are
displayed. A clear contamination, resulting from etching
of the Ir capping layer, is observed for samples etched
at 100W (Fig. 4 (b)) and at 300W (Fig. 4 (c)). The
diffusion length of the Ir from the surface of the CoFe
layer towards the CoFe/IrMns interface is increasing
with etching power. For the sample etched at 300 W the
Ir contamination is maximal, propagating all the way
through the CoFe layer. This means that the Ir layer,
which is used as a temporary pre-etching capping layer,
is being embedded into the CoFe layer, thus reducing its
My, as it was evident from magnetization measurements.

Soft X-ray magnetic circular dichroism measurements
(XMCD) were performed at the I10 beamline, Diamond
Light Source, on the high field magnet absorption end-
station. Right and left circular polarisation ofithe. in-
cident X-ray beam was provided by I10’s versatile he-
lical insertion devices [17], and energy was selectednby
a plane grating monochromator (PGM)3[18, 19] using a
gold coated grating with 400 lines per mm density, pro-
viding resolving power (E/AFE) of better than 7000. Fast
energy scans [20] were used with insertion device magnets
and PGM’s grating being moved simulteneously. /This al-
lowed to reduce time of one X-ray absorption (XAS) spec-
trum collection over Lg 3 edges of|Co, Fe, or'Mn (usually
a 50 eV range) to less thanm, 2 aninutes, thus minimizing
effects of beam instability on the XAS spectra.

The samples were placedsinside a,split pair supercon-
ducing magnet, and the field of 20,kOe was applied along
the X-ray beam directign. The planes of the samples were
positioned at an angle.of 102 with/respect to the incident
beam. Measurements were performed at the tempera-
ture of 290 K. Total fluorescence yield (TFY) was de-
tected using a photodiode. XAS spectra were measured
first with right circular peélarisation of the incident X-ray
beam, followed by the(same scan taken with left circular
polarisation of the beam, and the XMCD signal was ob-
tained by subtraeting the latter from the former. Fig. 5
shows XAS and{XMCD spectra for the unetched sam-
ple, measured with TFY. Negative XMCD signal at the
L3 edges of Fe'and Co indicate their parallel alignment
along, the applied field, while XMCD signal at the Mn
edges/for this sample is zero, meaning zero net magne-
tization of Mn for the unetched sample. XAS spectra
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FIG. 5: XAS spectra of the unetched sample measured across
Fe (a), Co (b), and Mn (c) L2 3 absorption edges at grazing
incidence with rigth and lefct circularly polarised soft X-ray
radiation at the applied magnetic field of 2 T applied along the
beam direction. Total fluorescence yield was used to detect
the signal. Plotted XMCD signal is the difference between
XAS specra measured with right and left circular polarisa-
tions.

across the Mn Lg edge for samples etched at OW, 50W,
and 250W are shown in Fig. 6. Uncompensated Mn mag-
netization emerges after etching, as evident from Fig. 6
(b) and (c). Although we can’t quantify this uncompen-
sated magnetization, it can be seen that the XMCD sig-
nal for the sample etched at 50W is smaller than that for
sample etched at 250W, which indicates larger amount of
uncompensated Mn magnetization for the latter sample.
The positive sign of the Mn XMCD signal at the L3 ab-
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FIG. 6: XAS spectra measured at.the Mn Lz absorption edge
at grazing incidence with rigth and lefct circularly polarised
soft X-ray radiation at thefapplied magnetic field of 20 kG
applied along the beam direction. (a),- unetched sample; (b)
- sample etched at 50W; (¢)\- sample etched at 250W. While
zero for the etched sample (a)y.a positive XMCD signal de-
velops post-etching, @s evident from (b) and (c). The positive
sign of the XMCD signal at the Lz edge, as opposed to the
negative sign at the Lg‘edge for Co and Fe suggests antipar-
allel orientation of Mn magnetization to that of Fe and Co.

sorptionfedge, as opposed to the negative XMCD sign at
the Ls ledge for €o and Fe implies antiparallel alignment
of Mn uneompensated moment to Co and Fe magnetic
moments.

Itwis known that interfacial exchange coupling between
Co and Mnis ferromagnetic [21, 22], while that between
Fe and Mn is antiferromagnetic [23-26]. Tsunoda,

4

Takahashi et al. performed systematic XMCD study
of Nijgo—Coz, Coigo—zFe,, and Fejgp_zNi, exchange
coupled to IrMn [27, 28]. For Cojgo_,Fegnalloy they
observed transition from ferromagnetic »to “antiferro-
magnetic coupling of Mn uncompensated moements to
the FM film for z > 80%. ' Thus‘we can come up with
two possible interpretations of the obhserved behavior.
The first one is a formation of Fe rich regions due to
Co:Fe segregation at the interface. »This is consistent
with the reduction of the net interfacial'exchange energy
after etching, as the Fewrich regions coupled to Mn
provide exchange biag in the opposite direction from
that provided by the ‘regions rich in Co, while Co and
Fe rich interfacial ‘regions rémain ferromagnetically
coupled to each otheri = The second interpretation
comes from the faet that it is impossible to exclude
some interdiffusion at the interface, although it wasn’t
observed in cross-sectional EELS measurements. This
can be undesstood as the spatial resolution in projection
is limited,due to, the interfaces not being atomically flat
and the ability of EELS to detect low concentration of
elements is hampered by the limited signal to noise ratio.
Structural roughness of the interface is mainly due to
the granular structure of IrMn, which has a mean grain
sizefof aboilt 6-7 nm [10], which defines the in-plane
roughness length. This large scale interfacial roughness,
unlike.the atomistic roughness of the interface, is not
affected by etching. As etching induced FeMn formation
18 evident from XMCD measurements, we can envisage
two ways of interfacial interdiffusion. In the first case
Co from the CoFe layer diffuses into the IrMn layer,
and Mn from IrMn diffuses into the CoFe layer, forming
small FeMn clusters ferromagnetically exchange coupled
to the rest of the CoFe film. Diffusion of Co into the
IrMn layer supresses the AFM ordering of the later,
creating exchange decoupled regions, which in turn
leads to the decrease of the exchange bias field. In the
second case there is no diffusion from the IrMn layer,
but Fe from the CoFe layer diffuses into the IrMn layer,
again forming small FeMn clusters, and reducing overall
exchange coupling due to altering of the AFM order at
the interfacial regions where such FeMn clustering occurs.

In summary we investigated the effects of A ion etch-
ing on exchange bias in IrMn3z / CoroFesp bilayers. The
CorgFesg layers were prepared by depositing 5 nm of
CoroFesq, capping it with 2nm of Ir, and then etching
back to 2.5nm of CorgFesp. Significant drop in the ex-
change bias field was observed for the etched samples, in
spite of the reduced My in these samples as compared
to the reference unetched sample. All the samples were
annealed in identical conditions, so effects of thermal dif-
fusion on exchange bias [29], if they were present, can not
account for the observed differences in magnetic proper-
ties. EELS measurements revealed significant fraction of
embedded Ir in the CoFe layer, resulting from the tem-
porary Ir cap deposited on top of the CoFe layer before
etching. The distribution of embedded Ir in the etched

Page 4 of 6
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CoFe layers is inhomogeneous, with most of the Ir being
close to the surface of the film. For the samples etched at
low powers almost no Ir from the cap propagates down
to the IrMn / CoFe interface, while for the highest etch-
ing power some of Ir from the cap reaches the interface.
However no crystal structure modifications was observed
neither by XRD nor by TEM, suggesting that there is
no alloying between Ir and CoFe. This implies that the
effect of embedding of Ir on magnetic properties of the
system is purely in the decrease of My of the CoFe layer.
It is important to stress that such M; decrease would
lead to an increase of the exchange bias field should the
interfacial exchange energy density remain constant. The
opposite trend of Hep, vs M implies significant decrease of
the interfacial exchange energy density after etching. Soft
X-ray XMCD measurements at the Ly 3 absorption edges
revealed emergence of uncompensated Mn magnetic mo-
ments, which are antiparallel to the magnetization of the
CoFe layer. This implies formation of interfacial FeMn
regions after etching, which results in reduction of the ef-
fective interfacial exchange coupling energy between FM

and AFM layers. There are two possible casues of such
interfacial FeMn formation: (i) segregation of Co and Fe
at the interface, or (ii) interdiffuion of Co inte IrMn and
Mn into CoFe or Fe into FeMn, leading toyformation of
small FeMn clusters. The mechanisms of exchange bias
reduction in the two cases are different: in the first case
CoFe regions rich in Fe provide exchangesbias in the op-
posite direction to that provided by.the CoEexegions rich
in Co, thus reducing the resulting exchange bias field; in
the second case interfacial EeMn cluster formation alters
interfacial AFM structuregand reduces net exchange cou-
pling energy. The mechanism for such local composition
changes at the interface must be knock on energy transfer
from Ar™ ions bomibarding the top surface of the CoFe
film. We believe/ that_otr results improve fundamental
understanding, of ex€hange bias effect in CoFe / IrMn
systems, and they. are of particular technological impor-
tance, providing a way to control the pinning strength in
CoFe / IrMn bilayers by changing the etching power of
the FM.layer.
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