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Abstract. Exchange bias and blocking temperature were studied in MnPt based bottom-pinned bilayers
and synthetic antiferromagnets (SAF) prepared by magnetron sputtering. The structure and magnetic
properties were determined as a function of the MnPt layer thickness. Exchange coupling was found to
be (Jex = 0.4 erg/cm2) for a MnPt (t ≤ 20 nm)/CoFe (5 nm) bilayer. The distribution of the blocking
temperature TB was analyzed and its width ∆TB and center point TB, center determined. TB is about
280 ◦C for thinner MnPt films, and increases to 330 ◦C for thick films. ∆TB is constant for thick MnPt
but steadily increases as the thickness decreases. SAF structures show higher exchange bias and higher
TB, center at thin layer thickness (tMnPt = 8.5 nm) compared to bilayers.

PACS. 75.50.Ee Antiferromagnetics – 75.70.Cn Magnetic properties of interfaces (multilayers,
superlattices, heterostructures) – 85.70.Kh Magnetic thin film devices: magnetic heads; domain-motion
devices, etc.

1 Introduction

Several studies have dealt with the use of MnPt antiferro-
magnets (AF) as exchange bias layers in sensors, magnetic
random access memories (MRAMs) and read heads [1–9].
In these devices the antiferromagnet is used to pin the
magnetization of one of the two ferromagnetic (FM) lay-
ers, these layers being separated by a nonmagnetic spacer
layer. The following summarizes the most important fea-
tures required for a “perfect” antiferromagnet: the AF
should provide a high exchange coupling to the pinned
layer. High exchange bias should be maintained at the
working temperature of the device, demanding a high
thermal stability. A high resistivity is required to avoid
current shunting in current-in-plane (CIP) spin valves.
The properties of the antiferromagnet MnPt are superior
compared to other antiferromagnets, but MnPt has a dis-
advantage: it is non-magnetic in the as-deposited state
which has face-centered cubic (fcc) structural phase. It
becomes antiferromagnetic after a structural transition to
the ordered face-centered tetragonal (fct) phase upon an-
nealing at elevated temperatures. A high degree of or-
dering during the phase transition depends on the right
annealing conditions and is a prerequisite for enhanced
exchange bias [10,11].
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For read head application the AF layer should be as
thin as possible (<10 nm), but high exchange bias as well
as high thermal stability are difficult to maintain with
thin layers. Exchange bias is reduced significantly for thin
antiferromagnetic layers below tAF = 10 nm and coer-
cive fields become higher than exchange fields making such
thin films unsuitable for devices. Also the blocking tem-
perature decreases with decreasing thickness of the anti-
ferromagnet [12,13]. Furthermore in a polycrystalline film
each grain acts like a single particle having its own TB.
Therefore a distribution of blocking temperatures which
can be attributed to the grains can be expected in a poly-
crystalline film. If a broad distribution is present in an AF,
only some fraction of the AF grains will be in the range
of the working temperature of the device. In the present
study the blocking temperature distribution was analyzed
to extract the center temperature TB, center of the distri-
bution and its width ∆TB. The main goal for high thermal
stability of devices is therefore a high center temperature
with a small width of the distribution, a configuration
which is not yet achieved in the different antiferromag-
netic materials available. The focus of this study lies in
exchange bias and blocking temperature investigated as a
function of the layer thickness of the antiferromagnet and
related to the structural properties of the samples. The
possibility of controlling the blocking temperature by the
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AF thickness is of special interest in new device designs
where two exchange layers with different blocking temper-
atures are used for thermally assisted writing in MRAM
cells [14].

An alternative to the FM/AF pinning mechanism in
devices is the use of a synthetic antiferromagnet (SAF):
two ferromagnetic layers separated by a non-magnetic
metallic spacer (usually Ru) where one FM is pinned to
an AF. The Ru thickness is chosen to obtain antiferro-
magnetic interlayer coupling of the two FM [15–18]. As a
result high exchange bias in the order of several kOe is ob-
tained and magneto-static coupling between the free and
pinned layer, e.g. in nano-patterned device structures, is
reduced.

2 Experimental

Exchange-coupled bottom-pinned bilayers Ta (7 nm)/Ru
(3 nm)/Mn51.5Pt48.5 (t nm)/Co90Fe10 (5 nm)/Ta (3 nm)
and SAF structures Ta (7 nm)/Ru (3 nm)/Mn51.5Pt48.5

(t nm)/Co90Fe10 (2.2 nm)/Ru (0.7 nm)/Co90Fe10

(3.2 nm)/Ta (3 nm) were prepared in an automated
NORDIKO 2000 magnetron sputter system. The sub-
strate was glass (CORNING 7059) coated with an Al
(60 nm) buffer which was preheated at a set tempera-
ture of 150 ◦C for 30 min in vacuum and then ion-beam
milled to reduce the surface roughness [19]. The films were
sputtered from a composite target with a composition of
Mn63.6Pt36.4 where additional Pt pieces were glued on top
of the target to obtain a film composition of Mn51.5Pt48.5

as determined by Rutherford backscattering (RBS). Base
pressure of the system was less than 5×10−8 mbar. Depo-
sition pressure was 4.0–6.7 mbar using an Ar sputter gas
with a flow rate of 10 sccm. The easy axis was set by ap-
plying a 20 Oe aligning field during deposition. To estab-
lish exchange bias the samples were annealed in vacuum
(<1×10−5 mbar) with a rise time of 40 min to reach the set
annealing temperature TA = 310 ◦C for 2 h. A magnetic
field of 3 kOe (5 kOe for the SAF samples) was applied
along the easy direction of magnetization during anneal
and furnace cool down. Additionally to the “standard” an-
nealing method just described, some samples were rapid
thermally annealed in UHV by a quartz lamp array with-
out magnetic field: the temperature was increased within
3 min up to TRTA = 310 ◦C and cool down was without
applied magnetic field.

The structural phase of the MnPt layer was deter-
mined by X-ray diffraction (XRD) using Cu Kα radia-
tion and the average out-of-plane grain size (D) calculated
using Debye-Scherrer’s equation. Transmission electron
microscopy (TEM) studies of stacks in plan view and
cross-section allowed investigation of both in-plane and
out-of-plane grain size in the MnPt layer. The TEM
studies were performed on an FEI Tecnai F20 oper-
ated at 200 kV. Magnetic properties were determined by
M(H)-loops with a vibrating sample magnetometer (VSM)
equipped with a heater for temperature dependent mea-
surements in a temperature range from 25 ◦C to 400 ◦C.

Fig. 1. Determination of TB, center and ∆TB : Data
points of the Hex(T )-curve were fitted to derive the
−dHex/dT -distribution. ∆TB was determined at FWHM.

Data points in the Hex(T )-curve were fitted with a Fermi-
like function to derive the −dHex/dT -distribution and to
determine the blocking temperature TB as explained in
Figure 1. The blocking temperature TB is defined as the
temperature where the exchange bias Hex vanishes. This
function was chosen because it provided a convenient way
of fitting the data and supplied information about TB

and its distribution ∆TB in a consistent manner for all
MnPt/CoFe bilayers measured [20]. No physical meaning
is intended by this fitting procedure.

3 Results and discussion

Figure 2 shows the exchange bias and coercive field of
Mn51.5Pt48.5(t nm)/Co90Fe10 (5 nm) bilayers as a func-
tion of the AF layer thickness. The VSM measurements
were performed at room temperature. A saturation value
of Jex > 0.4 erg/cm2 is achieved for AF thicknesses higher
than 20 nm (Jex = Ms · tFM · Hex with Ms(Co90Fe10) =
1200 emu/cm3 as measured for thin films). The crossover
thickness where the coercive field Hc becomes larger than
the exchange bias Hex is determined to be tcross =
12.5 nm which is similar to reference [7], although the
bilayers investigated in the present study exhibit a higher
exchange energy Jex. The critical thickness where Hex
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Fig. 2. Exchange bias Hex and coercive field Hc dependences
on the MnPt layer thickness. The crossover thickness tcross was
determined to be 12.5 nm. Annealing conditions for all samples
were TA = 310 ◦C, H = 3 kOe for 2 h.

becomes zero is 6 nm. Ultrathin MnPt films with a thick-
ness lower than tcross are therefore unsuitable for applica-
tions where a stable pinning direction of magnetization is
required. Reference [11] also observed decreasing exchange
bias with decreasing thickness of the AF. However, in the
thinner samples investigated in reference [11] a mixture of
fcc and fct MnPt phases was observed and the decrease
in exchange bias with decreasing AF thickness was at-
tributed to the presence of more residual fcc phase.

Figure 3a shows a typical ϑ-2ϑ XRD trace. The MnPt
peak at 2ϑ = 40.24◦ results from the Pt (111) layers
and corresponds to fct structural phase. No fcc phase
was observed for any layer thicknesses after annealing at
TA = 310 ◦C in H = 3 kOe for 2h [9]. In fcc phase the
MnPt peak is observed at 2ϑ = 39.88◦. Therefore the in-
crease in exchange bias with AF layer thickness observed
here cannot be attributed to increasing amounts of fct
MnPt as in reference [11]. The average out-of-plane MnPt
grain size (D) calculated from the XRD results is shown in
Figure 3b as a function of layer thickness. D can be seen
to rise with increasing layer thickness, with a trend to-
wards saturation at D ∼ 18 nm. Therefore an alternative
explanation for the decrease of exchange bias as shown in
Figure 2 possibly lies in the decrease in average grain size
with decreasing AF thickness [21].

In order to obtain further information about the grain
size in the films, a range of bilayers with MnPt thickness
tMnPt = 8.5 nm, 20 nm and 30 nm were investigated by
TEM. Figure 4 contains a bright field TEM image and
a selected area electron diffraction pattern taken from a
plan view as-deposited sample containing a 30 nm MnPt
bilayer. While most of the rings in the diffraction pattern
index as fcc MnPt, rings from the fcc CoFe and hcp Ru
layers can also be identified. The (111) CoFe ring is present
but relatively weak as a result of the (111) texture of this
layer. The MnPt in the as-deposited sample was also tex-
tured with regularly shaped grains of the order of 10 nm
size in-plane. The corresponding images and diffraction

Fig. 3. (a) XRD trace of a sample with structure sub-
strate/Al (60 nm)/Ta (7 nm)/Ru (3 nm)/Mn51.5Pt48.5

(30 nm)/Co90Fe10 (5 nm)/Ta (3 nm). (b) Grain size D de-
termined from XRD as function of the MnPt layer thickness
in bilayers with same structure as in (a). The dashed line is a
guide to the eyes.

Fig. 4. (a) Bright field TEM image and (b) selected area
diffraction pattern of an as-deposited bilayer containing a
30 nm MnPt layer. The rings indexed on the right hand side
of the diffraction pattern correspond to the fcc MnPt phase.

patterns from MnPt bilayers after annealing are shown in
Figure 5. In agreement with the XRD results, the rings in
the diffraction patterns index as fct MnPt, fcc CoFe and
hcp Ru. If both MnPt phases were present in a sample, the
fcc phase could be identified by its (220) reflection which
would appear between the (220) and (202) reflections of
the fct phase. As there is no evidence of the presence of
the fcc (220) reflection in the diffraction patterns after an-
nealing, we conclude that there is no significant amount
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Fig. 5. Bright field TEM images and selected area diffraction
patterns of (a) and (b) a rapid thermally annealed (Tpeak =
300 ◦C, t = 3 min) bilayer containing a 30 nm MnPt layer,
(c) and (d) a standard annealed (T = 310 ◦C, H = 5 kOe,
t = 2 h) bilayer containing 30 nm MnPt layer, (e) and (f) a
standard annealed (T = 310 ◦C, H = 5 kOe, t = 2 h) bilayer
containing an 8.5 nm MnPt layer. The rings indexed on the
right hand side of the diffraction patterns correspond to the
fct MnPt phase.

of residual fcc MnPt present. The results from the 30 nm
bilayers after a standard anneal and after a rapid ther-
mal anneal are similar: in both cases the MnPt grains
lose their texture, become more complex in shape, exhibit
twinning and have a larger distribution of sizes ranging
roughly between about 10 nm and 100 nm in-plane. How-
ever, results from the 8.5 nm MnPt bilayer after a stan-
dard anneal were different: the MnPt layer retained some
texturing and while the in-plane grains looked less com-
plex than those observed in the 30 nm annealed bilayers
they were less uniform in size and shape than those in the
as-deposited layer.

Cross-sectional TEM studies were made of a 20 nm as
deposited bilayer and 30 nm, 20 nm and 8.5 nm MnPt bi-
layers after annealing. These studies showed that while
many of the grains in the annealed MnPt layers were
columnar there were also regions in the 20 nm and 30 nm

Fig. 6. (a) Bright field and (b) dark field cross-sectional TEM
images of a bilayer containing a 30 nm MnPt layer after a
standard anneal.

Fig. 7. Blocking temperature TB (black dots), center of block-
ing temperature distribution TB,center (black squares), distri-
bution ∆TB (black hollow squares) as function of the MnPt
thickness (the dotted lines are guides to the eye).

films where the grains were not continuous through the
layer thickness. Thus the average out-of-plane grain size
must be less than the MnPt thickness in these samples.
This is in agreement with the XRD measurements where
saturation in average out-of-plane grain size was observed
at ∼18 nm. Figure 6 of a 30 nm bilayer in cross-section il-
lustrates the complex grain structure. The cross-sectional
TEM studies also showed that there was some correlation
between the topography of the MnPt layer surface and the
roughness of the underlying Al buffer layer.

The blocking temperature for each thickness was
determined by the Hex(T )-curve (Fig. 1a). From the
dHex/dT -curve the center temperature TB, center and the
width ∆TB of the distribution was evaluated as shown
in Figure 1b. The results for all thicknesses are displayed
in Figure 7. Relatively high blocking temperatures with
values above TB = 300 ◦C were obtained for MnPt thick-
nesses greater than 10 nm. TB, center decreases marginally,
while the width ∆TB of the distribution increases with
decreasing thickness of the antiferromagnet. According to
this analysis of the blocking temperature distribution, for
thin MnPt layers some grains exhibit TB lower than room
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Fig. 8. M(H)-loops of a bilayers with structure
glass/Al (60 nm)/Ta (7 nm)/Ru (3 nm)/Mn51.5Pt48.5

(25 nm)/Co90Fe10 (5 nm)/Ta (3 nm) and a SAF sam-
ple with structure glass/Al (60 nm)/Ta (7 nm)/Ru
(3 nm)/Mn51.5Pt48.5 (25 nm)/Co90Fe10 (2.2 nm)/Ru
(0.7 nm)/Co90Fe10 (3.2 nm)/Ta (3 nm). Samples were
annealed at TA = 310 ◦C in a field of 3 kOe (5 kOe for SAF)
for 2 h.

temperature. These crystallites do not contribute to the
exchange bias at room temperature. Therefore the Hex for
thin layers might be underestimated in Figure 2. This does
not apply for thick layers where ∆TB suggests all grains
contribute to exchange bias at room temperature. The dis-
order in blocking temperatures represented by the width
∆TB can be attributed to less pinning strength for thin
MnPt layer thicknesses and a large distribution of coercive
fields at room temperature as shown in Figure 2 [22]. Thus
the increase of the width of blocking temperature distribu-
tion for the thinner MnPt layers can be related to changes
in the out-of-plane and in-plane grain sizes connected with
distributed magnetocrystalline anisotropies [21–23]. On
the other hand the center temperatures TB, center are much
higher than those of other antiferromagnets, such as IrMn
or FeMn, which favor MnPt for devices working in an am-
bient with high temperatures [22].

As already mentioned in Section I SAF structures (two
FM layers separated by a metallic spacer layer e.g. Ru,
where one FM layer is pinned by an AF) can be intro-
duced to improve the pinning strength. In terms of high
density read head application, for example, a minimum
AF layer thickness of t = 10 nm is already large [24]. In
this study the exchange bias, blocking temperature and
distribution of the SAF structures was investigated in the
same way as the study on the bilayer structures. The in-
vestigated sample had the structure: glass/Ta (7 nm)/Ru
(3 nm)/Mn51.5Pt48.5 (t nm)/Co90Fe10 (2.2 nm)/Ru
(0.7 nm)/Co90Fe10 (3.2 nm)/Ta (3 nm). A comparison
of the M(H)-loops of a bilayer and a SAF structure, both
with a MnPt layer thickness of 25 nm, is shown in Fig-
ure 8. The exchange bias of the SAF structure is due to
the strong antiferromagnetic interlayer coupling between
the two CoFe layers across the Ru layer, about 5 times
higher than the Hex of the bilayer. Figure 9 shows the

Fig. 9. Exchange bias Hex and coercive field Hc dependence
on the MnPt layer thickness of SAF samples with struc-
ture glass/Al (60 nm)/Ta (7 nm)/Ru (3 nm)/Mn51.5Pt48.5

(t nm)/Co90Fe10 (2.2 nm)/Ru (0.7 nm)/Co90Fe10 (3.2 nm)/Ta
(3 nm). High pinning strength was preserved to a thickness of
the antiferromagnet down to 8.5 nm. The dashed line is a guide
to the eyes.

exchange bias Hex as a function of the MnPt thickness.
Values of Hex ∼ 3 kOe were obtained for MnPt thicknesses
higher than 15 nm. Compared to simple bilayer structures,
the MnPt thickness can be lowered down to 8.5 nm using
a SAF structure while maintaining a significant pinning
(Hex ∼ 2 kOe). At elevated temperatures (T = 300 ◦C)
the Hex has decreased significantly but is still around
1 kOe. This thermal stability allows a reduction of the to-
tal thickness of the bottom electrode from 25 nm in the bi-
layer (Mn51.5Pt48.5 (20 nm)/Co90Fe10 (5 nm)) to 14.6 nm
in a bottom electrode with SAF structure (Mn51.5Pt48.5

(8.5 nm)/Co90Fe10 (2.2 nm)/Ru(0.7 nm)/Co90Fe10

(3.2 nm)). Table 1 shows the values of the exchange
strength and the blocking temperatures of SAF structures
for various MnPt thicknesses. TB was found to be similar
to the bilayers. On the other hand the center temperature
shifts due to the strong interlayer coupling to higher val-
ues around TB, center ∼ 300 ◦C [3]. The distribution width
∆TB has similar values compared to bilayers (not shown).
For a comparison of the thermal stability of a bilayer and
a SAF as shown in Figure 10, a better parameter such as
the change of the exchange field with temperature near
the blocking temperature, e.g. dHex/dT (T ∼ 300 ◦C) has
to be taken into account. This is more significant for SAF
than for bilayers. Thus devices using SAF with reduced
AF thickness show a higher degree of thermal stability
and can be operated at high temperatures without losing
their pinning strength.

4 Conclusions

High exchange coupling of Jex = 0.4 erg/cm2 was ob-
tained for bilayer structures containing MnPt as the anti-
ferromagnet. For MnPt thicknesses higher than 20 nm the
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Fig. 10. Exchange bias Hex dependence on the temperature of
a SAF sample (black stars) with structure glass/Al (60 nm)/Ta
(7 nm)/Ru (3 nm)/Mn51.5Pt48.5 (20 nm)/Co90Fe10

(2.2 nm)/Ru (0.7 nm)/Co90Fe10 (3.2 nm)/Ta (3 nm) and a
bilayer (black squares) with structure glass/Al (60 nm)/Ta
(7 nm)/Ru (3 nm)/Mn51.5Pt48.5 (20 nm)/Co90Fe10 (5 nm)/Ta
(3 nm). The slope of the SAF curve around T = 300 ◦C
(near TB) is significantly higher compared to the bilayer.

Table 1. Hex, TB , TB,center as function of tMnPt for the SAF
structures.

tMnPt (nm) Hex (kOe) TB (◦C) TB, center (◦C)
8.5 2.2 280 ∼275
12.5 2.4 310 ∼295
15 3.0 345 335
20 3.5 333 328
30 3.5 335 333

exchange coupling was constant. The crossover thickness
of the antiferromagnet, where unstable pinning occurred,
was 12.5 nm. Blocking temperatures were measured as
a function of the thickness of the antiferromagnet. A
bulk blocking temperature of TB ∼ 340 ◦C was deter-
mined. The width of the blocking temperature distribu-
tion was found to increase with decreasing MnPt thick-
ness, whereas the center temperature of the distribution
decreased slightly with decreasing thickness with a value
around TB, center = 210 ◦C. Samples with SAF structure
showed high exchange bias fields, around 3 kOe, for all
thicknesses of the MnPt layer. TB for the SAF was found
to be higher and ∆TB lower than for bilayer structures.
SAF samples with MnPt thickness of 8.5 nm showed sta-
ble pinning and high blocking temperature making them
favorable for read head applications.
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