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Influence of the annealing field strength on exchange bias
and magnetoresistance of spin valves with IrMn
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We report on field annealing effects in spin valves with an IrMn pinning layer and spin valves with

a synthetic antiferromagnet. The exchange bias field and magnetoresistance of spin valves with an
IrMn/CoFe bilayer at the bottom improve drastically upon annealing in large magnetic fields. The
evolution of the exchange bias field with annealing field strength shows a rapid increase up to an
applied field of 0.5 T, which is followed by a more gradual improvement up to an annealing field
of 5.5 T. The increase of the exchange bias field in large magnetic fields indicates that the interfacial
spin structure of the IrMn layer is directly influenced by the annealing field strengthO@
American Institute of Physic§DOI: 10.1063/1.1895474

I. INTRODUCTION ing fields of several tesla improve the magnetotransport
properties of spin valves with an IrMn-pinned ferromagnetic
For read head and other magnetic sensor applicationtayer at the bottom.
magnetic spin-valve stacks with large exchange bias field
(Hex) and high magnetoresistan@éR) values are required. || ExpERIMENT
Spin valves with a CoFe/lrMn top layer usually exhibit good
magnetotransport characteristics in the as-deposited state, The spin valves were grown at room temperature by dc
whereas spin valves with an IrMn/CoFe bottom layer nor-magnetron sputtering on SjOsubstrates in a Shamrock
mally require magnetic-field annealing to establish a largél€position systentbase pressure-10°" mbay. To establish
exchange bias. After magnetic annealing, however, the ex€Xchange bias, the substrates were placed in an in-plane
change bias field of bottom-pinned films often exceeds thafnagnetic field OT 5 mT during depo.sn.lon. The deposition
of top-pinned films: The reasons for this discrepancy and, rgte was determlneq by' x-ray reflect|V|t¥ measurements on
- . single-layer calibration films. The four different spin-valve
more generally, the origin of the exchange bias effect havé : L .
S : . Structures under investigation are shown in Fig. 1. After
been studied in detail. While many groups found a strong
correlation betweenH., and the degree of crystalline
texture'™ others did not find any and they attributed their
exchange bias results to the influence of grain $fz&;in-
terface roughness’ or magnetic effectd™ instead. The
magnetic-field annealing experiments in most of these stud-
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ies focused primarily on the optimization of the annealing 2.5 nm CoFe 25 i Loke
time and temperature. On the other hand, the influence of the
1.5 nm CoFe

annealing field strength on exchange bias and MR is less =
X - . . 3.5 nm NiFe
well studied. In fact, it is common practice to anneal spin- ;

valve stacks in relatively small magnetic fields of several
hundred mT. In a report on annealing field effects in IrMn
systems, van Driett al. showed that the exchange bias field
of an IrMn/CoFe bilayer is considerably enhanced after field
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cooling in 2.5 T instead of 19 mﬁ'AIthough similar anneal- 1.5 nm CoFe
ing field effects were found for NiFe/CoO bilayelfsit is

more generally believed that exchange bias is predominantly e
determined by the magnetization state of the ferromagnetic 2.5 nm CoFe

layert31

1.5 nm CoFe
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In this paper we report on the influence of the annealing
field strength on the exchange bias and MR of four different
types of spin valves. The annealing field in our experiment

ranges from 0.05 to 5.5 T. In particular, we find that anneal-

FIG. 1. Spin-valve structurega) top spin valve(TSV), (b) bottom spin
valve (BSV), (c) synthetic anitiferromagnetic top spin valt®AFTSV), and
dElectronic mail: kerre@tcd.ie (d) synthetic anitiferromagnetic bottom spin val@AFBSV).
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FIG. 2. Magnetotransport and SQUID magnetization curves for the as- = 4 D\ h
deposited TSV (a) and(b)] and BSV[(c) and(d)] structures. o
L . 4 - Tsv|]
deposition the samples were annealed in a vacuum furnace O~ BSV
(pressure<107® mbap, which was specifically designed to 0l v , r r r r
fit into a superconducting magnet. The annealing temperature 0 180 200 220 240 260 280 300
and annealing field were varied from 180 to 300 °C and 0.05 T anneal (°C)

to 5.5 T, respectively. The typical temperature and field _ o

ramp-up time wat 30 min, ater which the samples remainef & ATes emperays teperdence of e ot el

at the annealing temperature for 1 h. Thereafter, the sampl@$e filed symbols indicate the as-deposited values.

were field-cooled to room temperature. The annealing field

was aligned parallel to the growth-induced exchange bias

direction. In-plane magnetoresistance measurements wekP0on magnetic-field annealing. While the exchange bias field

conducted in standard four-point geometry and magnetizas approximately independent of the annealing temperature

tion curves were obtained with a superconducting quantunittoHex=25 mT), the MR decreases monotonically with in-

interference devicdSQUID) magnetometer. The transport creasing annealing temperature from 7.3% at 180 °C to 3.5%

measurements were repeated several tiirégal and sub- at 300 °C. Contrary to the TSV structure, the exchange bias

sequent hysteresis loopdn all experiments the exchange field and MR of the bottom-pinned spin valve increase upon

bias field and coercivity remained constant, i.e., no exchangeagnetic-field annealing. For the BSV structupgHe

bias training effects were observed. The crystalline structure40 mT after annealing at 180 °C, which is larger than the

of the spin valves was characterized by x-ray diffractionexchange bias field of the TSV structure before annealing.

(XRD). However, above 180 °C the exchange bias field decreases
monotonically with increasing temperature and finally it be-
comes smaller than its preannealing value when the anneal-

lll. RESULTS ing temperature is larger than 270 °C. The MR of the BSV

The magnetotransport and SQU|D data for the asStrUCtUre is about 8.5% independent of the annealing tem-
deposited top spin-valvgTSV) and bottom spin-valve Perature and the coercivity of the free CoFe/NiFe bilayer is
(BSV) structures are shown in Fig. 2. After deposition the mT.
top-pinned spin valve exhibits a MR of 7.4% and an ex-  To study the influence of the annealing field strength on
change bias field of 34 mT. The coercivity of the freethe exchange bias and MR of spin valves, we fixed the an-
NiFe/CoFe bilayer is about 0.25 mT. For the BSV structurenealing temperature at 210 °C. Figures 4 and 5 compare
the exchange bias field is only 23 mT and the coercivity ofSQUID magnetization curves and magnetotransport loops
the free layer is 7 mT. The drastically smaller differencefor the TSV and BSV structures before and after magnetic-
betweenH,, andH for the bottom-pinned spin valve leads field annealing. The exchange bias field and MR of the top-
to simultaneous magnetization reversal in the free angbinned spin valve decrease upon annealing and the deterio-
pinned ferromagnetic layers and hence to a reduced MR efation of the spin-valve properties is similar for annealing in
fect of only 5.0%. a 0.5 T and 3 T field. The magnetotransport properties of the

Field annealing for 1 h. in a magnetic field of 5.5 T annealed bottom-pinned spin valve, however, depend
changes the MR and the exchange bias field of both the TS¥trongly on the magnetic-field strength. Although annealing
and BSV structures. Figure 3 shows the dependendé.pf in a field of 0.05 T already improves the MR from 5.0% to
and MR on the annealing temperature. Both the exchang@é.8%, it only slightly increases the exchange bias field. The
bias field and the MR of the top-pinned spin valve decreasexchange bias field of the BSV structure improves rapidly
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FIG. 4. Normalized magnetization and magnetotransport curves for the TS
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structure before and after annealing in different magnetic fields.
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Y:IG. 6. Annealing field strength dependence of the exchange biagdjeld

and MR(b) of the TSV and BSV structures. The annealing temperature was
210 °C. The filled symbols indicate the as-deposited values.

with increasing magnetic-field strength up to a field of about
0.5 T. Above 0.5 T the exchange bias field increases more  The synthetic antiferromagnet top and bottom spin valve
gradually with annealing field and so does the MR. The in-ryctures were annealed under the same conditions as the

fluence of the annealing field strength on the exchange biagyin valves without a synthetic antiferromagnetic layer. The
field and MR of TSV and BSV structures is summarized iNgnnealing results for different magnetic-field strengths are

Fig. 6.

MR(%)

summarized in Fig. 7. Although the exchange bias field of

the top configuration decreases and the MR of the bottom
configuration increases upon annealing at 210 °C, the mea-
surements do not reveal any clear annealing field effects.

IV. DISCUSSION

The experiments reveal that the exchange bias field and
the MR of the BSV structure are larger than that of the TSV
structure after magnetic-field annealing. Although the differ-
ence in exchange bias between IrMn bottom-pinned and
IrMn top-pinned bilayers has often been attributed to the
degree 0f111) film texturel we found no evidence for this
in our experiments. XRD measurements on the annealed
samples reveal that the IrMn layer in the TSV structure is
(111) textured, but no(111) peaks were measured on the
BSV films. This clearly indicates that(@11) crystalline film
texture is not a necessary prerequisite for large exchange bias
fields. The magnitude of the exchange bias in the TSV and
BSV structures is more likely determined by grain size, in-
terface roughness, and defects at the CoFe/IrMn interface
and in the IrMn bulk.

Another remarkable difference between the TSV and
BSV structures is the dependence of the MR on the anneal-
ing temperature. While the MR of the bottom-pinned spin
valve is approximately constant for annealing temperatures

FIG. 5. Normalized magnetization and magnetotransport curves for the sWetween 180 and 300 °C, the MR of the top-pinned spin

structure before and after annealing in different magnetic fields.

valve decreases rapidly with temperature. Since the MR
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in an external magnetic field. The coupling between these
spins and the spins in the ferromagnetic layer results in a
shift in the hysteresis loop. The majority of the uncompen-
sated interfacial spins, however, are not pinned. These spins
are dragged along with the magnetization reversal process in
the ferromagnetic layer and although they do contribute to an
enhanced coercivity, they are not responsible for the ex-
change bias effect.

The pinned spins are most likely located at the interface
defects or grain boundaries, which act as pinning sites for
01— T T domain walls in the IrMn layer. Consequently, the number of
0 pinned interfacial spins depends critically on interface rough-
ness and grain siZe®° In addition, dilution and irradiation
experiments have shown that the number of defects in the
6! 1 antiferromagnetic layer also influences the domain structure
and the exchange bias effé€t*3Since the magnitude of the
exchange bias field is directly proportional to the pinned un-
compensated moment along the bias direction, magnetic-
2] T sarTsv - field annealing can change the bias field by modifying the
~O- SAFBSV number of pinned spins or realigning the orientation of the
0 : : : i i spin moment. Thermally activated diffusion changes the
0 1 2 3 4 5 6 number of defects in the IrMn bulk and at CoFe/IrMn inter-

u,H anneal m face during annealing at elevated temperatures. This alters
the number of pinned uncompensated interfacial spins and
FIG. 7. Annealing field strength dependence of the exchange biagdleld therefore the exchange bias field. The annealing field, on the
and MR (b) of the SAFTSV. and SAFBS\( st_ructures. The anngaling tem- other hand, does not Change the number of pinned Spins but
perature was 210 °C. The filled symbols indicate the as-deposited values.it can influence the alignment of the spin moment.
Although it is generally found that the antiferromagnetic

originates predominantly from spin-dependent electron scafsPIn structure |s_d<e_term|nedlzr1a!nly by the local moment on
tering at the CoFe/Cu interfaces, any change in MR indi{he ferromagnetic interfacé, this cannot explain the de-
cates a thermal modification of these interfaces. The diffuPendence of the exchange bias field on the annealing field
sion of Mn atoms from the IrMn layer to the CoFe/Cu strength. If the ferromagnetic moment determifig, satu-

interfaces is a thermally activated process that is different fofation of this moment during field cooling would result in

TSV and BSV structures. Top-pinned CoFe/IrMn interfaceg"@Ximum exchange bias. Since the saturation field of the
have been found to be less stable against Mn outdiffusiofr©F€ layer is considerably smaller than 0.05 T, annealing in
than bottom-pinned IrMn/CoFe interfacsThe decrease of this field would already maximize the exchange bias field. As

MR for the TSV structure above annealing temperatures of2n P€ seen in Fig. 6, this is clearly not the case for the BSV
180 °C can therefore be due to Mn diffusion towards theStructure. Obviously, the application of a larger magnetic

CoFe/Cu interfaces. A similar Mn-diffusion-related deterio- fi€ld during cooling directly influences the alignment of the

ration of the MR has been measured on magnetic tunndfncompensated interfacial spins in the IrMn layer. The com-
junctions with a CoFe/IrMn top electrod&” ponent of the interfacial spin moment along the annealing

While the thermal deterioration of the magnetotranspori€!d direction increases with increasing field strength and
properties dominates any possible magnetic-field effects iopfter freezing some of these interfacial spins during the field

the TSV structure, the exchange bias of the BSV structur&20ling procedure it results in an enhanced exchange bias
field.

clearly depends on the annealing field strength. The ex” . , ) )
change bias field initially increases rapidly from 23 mT in  FOr the spin valves with a synthetic antiferromagnet the

the as-deposited state to 36 mT after annealing in a fiel§*change bias field depends on the antiferromagnetic cou-
of 0.5 T and this is followed by a more gradual increaseP!ing between the two CoFe layers that are separated by the
to 39 mT for annealing in a field of 5.5 T. The infl- RU_spacer and not on the exchange coupling at the
ence of the annealing field strength can be understood b oFe/IrMn interface. Changes in the spin structurg of the
considering the microscopic origin of exchange bias inffMn layer do not therefore affect the exchange bias and
IrMn/ferromagnetic bilayers. The exchange bias effect inh€nce no dependencetd, on the annealing field strength is

these systems depends on the uncompensated interfacial spigasuredsee Fig. 7.

structure in the IrMn Iayejri."19 Spin reversal in the antifer-

romagnetic layer is thermally activated and therefore it dey, CONCLUSION

pends critically on the experimental conditiofiemperature

and field sweep rajeand the energy barrier distribution. At We have shown that magnetic annealing in large fields
room temperature and at low-field sweep rates only some agdnhances the exchange bias and MR of IrMn bottom-pinned
the uncompensated spins are pinned, i.e., they do not rotagpin valves. The dependence of the exchange bias field on

-O—SAFBSV | ]

J\’o/

MR%
F-N
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