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Exchange-bias properties in permalloy deposited onto a Pt/Co multilayer
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A shift in the hysteresis loop along the magnetic field abdis, is induced in a permalloy lay€with in-plane
anisotropy deposited onto a Pt/Co multilayer Miwith perpendicular anisotropyby applying a strong
in-plane magnetic fieldH,, to the sample prior to measure the low field hysteresis curve. No field cooling is
required to inducédg. This shift is accompanied by a vertical displacement of the loop and an enhancement of
coercivity, He. These effects originate from the coupling between the permalloy layer and an uncompensated
in-plane magnetic moment in the Pt/Co ML induced after saturating the ML with the initial large in-plane field
(Hop). The training effects and the temperature dependenciétaind Hc are investigated. IH, is applied
perpendicular to the film plane, the multilayer preserves a single domain state with perpendicular magnetiza-
tion in the field range where permalloy reverses and, as a consequence, no loop shift or coercivity enhancement
are observed.
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I. INTRODUCTION room temperature by applying a large in-plane magnetic field

Exchange bias refers to the shift of the hysteresis loopt® the system. This large in-plane field induces an in-plane
along the magnetic field axis, typically observed in exchangdnagnetic moment in the ML, which is able to pin the Py
interacting antiferromagnetiq AFM)-ferromagnetic (FM)  layer during its magnetization revers@nalogously to an
materialst=* During the last two decades this effect has beerAFM layer in FM/AFM exchange coupled systeméAn en-
extensively investigated, mainly due to its technological aphancement of coercivity is also observed. Interestingly, the
plications in magnetic sensors based on spin-valves or tunnéop shift induced at room temperature is preserved at high
junctions structures, where exchange-biased bilayers constemperatures, up t6=550 K. Moreover, this loop shift can
tute an essential pattThe hysteresis loop shift is often ac- be erased by simply applying a sufficiently large field along
companied by an increase of coercivity, which can be used tthe perpendicular-to-film direction. Hence, this kind of
enhance performance of hard magnetic matefittiss note-  multilayered structurei.e., ML with perpendicular aniso-
worthy that exchange bias effects have also been observed iropy + soft magnetic layer with in-plane anisotropyay
ferrimagnetic (Ferri)-AFM,” Ferri-Ferri® and Ferri-FM  be used as a novel system for exchange bias applications.
(Refs. 9 and 1pexchange interacting materials. Some par-
ticular exchange coupled soft-hard ferromagnetic or ferri- Il. EXPERIMENTAL PROCEDURE
magnetic materialgi.e., spring magnejscan also exhibit
hysteresis loop shifts. This occurs when the soft layer re- A magnetic multilayer (ML) with the composition
verses its magnetization, while maintaining the magnetizaPt(20 nm /[Co(0.6 nm / Pt(1.8 nm ]5/ Co(0.2 nm / Py(3
tion of the hard phase tightly stuck along the easynm)/Cu(2 nm), where Py denotes permallgye., NigFe o)
directionst12 In spring magnets, the interphase dipolar in-was deposited at room temperature onto a thermally oxidized
teractions have been shown to play an important role in inSi substrate by dc magnetron sputtering. The thin
ducing exchange bids. Co(0.2 nm layer was introduced in order to avoid interdif-

Usually, to induce exchange bias, a field cooling procefusion between the Pt and the Py and to enhance the perpen-
dure through the Néel or Curie temperature of the AFM ordicular anisotropy of the ML. For comparison, a similar ML
Ferri material is necessary. This field cooling often requireswithout Py was also deposited. The base pressure was 5.3
the material to be heated to above room temperature since; 10°° Pa, while the Ar pressure during deposition was
for technological applications, exchange bias effects need t0.25 Pa. To induce exchange bias, a large magnetic field
be present at and above room temperature. In some cases thlit,=15 kOg was applied at room temperature along the
can result in structural deterioration of the layers. Neverthethin film plane. This field is enough to fully saturate both the
less, it has been recently demonstrated that the magnitude Bl and the Pt/Co ML. After removingl,, hysteresis loops
exchange bias in FM-AFM bilayers, particularly when the were recorded in-plane in a vibrating sample magnetometer
anisotropy of the AFM is low, can be modified by applying (VSM) using a maximum fieldH, s; maxOf variable intensity,
sufficiently large fields, without need of varying temperature.ranging from 0.7 to 15 kOe. Note that, contrary to most
This might be due to field-induced changes in the domairstudies on exchange bias, no field cooling was required to
structure of the AFM415 induce exchange bias effects in this system. Hysteresis loops

In this article, we demonstrate that when a soft permalloywere measured at temperatures varying from 150 to 600 K.
(Py) layer (with in-plane anisotropy is deposited onto a Training effects(i.e., variations in the magnitudes of the co-
[Pt/Cao ML (with perpendicular anisotropya shift in the ercive field,Hc, and the exchange biadg, when successive
hysteresis loop of this soft magnetic layer can be induced diysteresis loops are recordgdvere investigated at room
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gether with Py, cannot be completely excluded. However, the
presence of a vertical shift indicates that, after application
and removal of the largel, magnetic field, a net uncompen-
sated magnetic moment from the Pt/Co ML is retained in-
plane in the field range where the hysteresis loop is mea-
sured, i.e.(-1500, 1500 Og From the magnitude of the
vertical shift it can be estimated that, in spite of the perpen-
dicular effective anisotropy of the Pt/Co ML, around 15% of
its overall magnetization remains, in fact, oriented towards
the H, direction after removal of this field. This net in-plane
) magnetization component of the Pt/Co ML, which couples
: ; | o to the Py, is likely to be responsible féi#z. The angular
21500  -1000  -500 0 500 1000 1500 dependence oflg is shown in the inset of Fig. 14 desig-
H (Oe) nates the angle between the directiorHgfand the direction
along which the hysteresis loop has been meas(akhys
FIG. 1. In continuous line is the hysteresis loop, measured ain the thin film plang. The curve evidences the unidirec-
room temperature, of the ®0 nm/[Co(0.6 nm/P{1.8 nm]s/ tional character of the loop shift, typical of FM-AFM ex-
Co(0.2 nm/Py(3 nm)/Cu(2 nm) system after applying a large change coupled systems. Note that, to overcome the training
positive field,Hy=15 kOe, along the thin film plane. In discontinu- effects of the systenfwhich will be discussed later in the
ous line is the same hysteresis loop after correcting for the verticaiext), several loops were successively recorded alondHthe
shift (i.e., after centering along the magnetization axihe inset  direction before starting to measure the angular dependence
shows the angular dependenceHyf, where 6 designates the angle of He. This is why the value oHg along 0° in Fig. 1(inse}
between the direction dfiy and the direction along which the hys- ijs somewhat smaller than the previou5|y mentioned value,
teresis loop has been measutativays in the thin film plane He=68 Oe, of the first hysteresis loop. It is also worth men-
tioning that no significant differences in the shape of the
temperature. The angular dependencklpfvas also studied. loops and the angular dependenciesHgf and He are ob-
Hysteresis loops with the magnetic field applied in-planeserved if one changes the in-plane direction along whigh
were also recorded after pre-magnetizing the system usinig applied. This indicates that the sample is magnetically iso-
the Hy=15 kOe field applied perpendicular to the thin film tropic in the plane, since it is polycrystalline in nature and
plane. Moreover, hysteresis loops with the magnetic fieldherefore there is no magnetic preferred orientation originat-
applied perpendicular to plane were also recorded by an exag from the film microstructure.
traordinary Hall effect, a technique which is particularly sen- It is noteworthy that in this system, after application of
sitive to the perpendicular component of the magnetizdfion. the Hy in-plane field, the magnitudes éf, He and vertical
The magnetic domain structures after pre-magnetizing thshift (AM/M), measured along thd, direction, are found to
system both in-plane and perpendicular-to-plane were invesiepend on the maximum field used to perform the hysteresis
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tigated by magnetic force microscopyiFM). loop, Hyyst max AS can be seen in Fig. 2, both andAM/M
are roughly constant in a relatively brobig; yaxrange, i.e.,
IIl. RESULTS AND DISCUSSION 700—2000 Oe. For largéflyys; max Values,Hg and AM/M

progressively decrease and, finally, they tend to vanish for

Shown in Fig. 1 (continuous ling is the hysteresis Hhyst.max> 5000 Oe, although values fa&tM/M as large as
loop, measured at room temperature, of th€2®nm/ 2% are still observed foHys; va=10 kOe, indicating that
[Co(0.6 nm/Pt(1.8 nm]s/Co(0.2 nm/Py(3 nm)/Cu(2 nm)  small nonreversed in-plane magnetization component is pre-
system after applying a large fiele,=15 kOe, along the served even for rather large valueshfs; max A good cor-
thin film plane. The hysteresis loop exhibits both a verticalrelation betweerHg and the vertical shift has also been re-
shift, AM/M ~20% (where AM is the difference of satura- ported in FM-AFM exchange coupled bilayers, proving that
tion magnetization between the measured loop and the loopoth effects are closely related to each offie@n the con-
centered in theM axis, see discontinuous lin@nd a shift  trary, the value of the coercive fieltH., progressively in-
along the magnetic field axidje. The value ofHg, after  creases with Hyygmax and tends to level off for
correcting for the vertical shift, is 68 Oe. It should be notedHy,; yaxc>5000 Oe. The decrease aiM/M and Hg with
that a vertical shift of the hysteresis loop has also been odHy, . maxCan be attributed to the progressive dragging of the
casionally reported in FM-AFM exchange biased bilayersnet in-plane magnetic moment of the Pt/Co MLHg max
although, in that case, its magnitude is very small, i.e., typibecomes larger. As the in-plane magnetic moment of the
cally less than 1%7*8 The vertical shift in FM-AFM bilay- Pt/Co ML starts to reverse during the in-plane hysteresis
ers is generally attributed to the existence of uncompensatddop, the vertical shift andHg tend to decrease but, con-
AFM spins at the FM-AFM interface. Taking into account versely,Hc progressively increases, as a result of the extra-
the physical dimensions of the sample and the amplitude oénergy required to switch the in-plane magnetic moment
the magnetization it can be deduced that the measured hyarising from the Pt/Co ML.
teresis loop corresponds basically to the Py layer signal, al- Figure 3a) shows the hysteresis loop measured by the
though a minor contribution from the Pt/Co Mparticularly  extraordinary Hall effect along the perpendicular to film
from the last Co layer in the M), which would rotate to- direction of the R20 nm/[Co(0.6 nm/P{(1.8 nm]s/
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}]i-m(l‘oe) FIG. 3. (a) Hysteresis loop of the 20 nm/[Co(0.6 nm)/
Pt(1.8 nm]5/Co(0.2 nm/Py(3 nm)/Cu(2 nm multilayer mea-
FIG. 2. Dependence of the loop shiftg (in (a)), coercivity,Hc  sured along the perpendicular-to-film direction by the extraordinary
(in (b)), and vertical shift AM/M (in (c)), measured at room tem- Ha|| effect after saturating the system perpendicular to the film
perature along thel, direction, on the maximum field used to per- djrection; (b) Hysteresis loop of the same multilayer, measured in-
form the hysteresis l00pHnyst vax The lines are guides to the eye. plane by VSM, after saturating it usird=15 kOe applied perpen-
dicular to the film direction.

Co(0.2 nm/Py(3 nm)/Cu(2 nm) system after saturating it )
in a 12 kOe field applied perpendicular to the film direction. Performed in both the P20 nm/[Co(0.6 nm/PY(1.8 nm]s

It can be seen that the loop is, in fact, the overlapping of tw@d ~ P{20 nm /[Co(0.6 nm /Pt(1.8 nm]s/Co(0.2 nm/
hysteresis loops, one hard axis loop corresponding to PYY(3 nm)/Cu(2 nm) systems after applying, along the in-
which has an in-plane anisotropy, and a square loop correklane and perpendicular to plane directions. Shown in Fig.
sponding to the Pt/Co ML. The good squareness of the loof(@ is the MFM image of the F20 nm/[Co(0.6 nm/
is an indication that the Pt/Co ML remains in a single do-Pt1.8 nm]s multilayer obtained at zero field after applying
main state afteH, being applied along the perpendicular to the Hy=15 kOe in-plane field. The image reveals that the
the film direction. Interestingly, a completely square hysterin-plane field induces the formation of segmented stripe do-
esis loop(with a remanence to saturation ratMgz/Mg=1)is  mains in the ML, which are of about 02m in width. Simi-
obtained in R20 nm/[Co(0.6 nm/Pt(1.8 nm]s (i.e., the lar domain structures have been reported in the literature in
ML without Py). Figure 3b) shows the hysteresis loop, mea- magnetic multilayers with out-of-plane anisotropy after satu-
sured in-plane by VSM, of the Pt/Co/Py system, after saturating them in-plané??°Due to the perpendicular anisotropy
rating it usingH,=15 kOe applied perpendicular to the film of the Pt/Co ML, the magnetization direction in each of
direction. It can be seen that, contrary to the case wHglie ~ these domains is essentially perpendicular to the thin film
applied in-plangFig. 1), no loop shift or coercivity enhance- plane. However, although it cannot be directly observed by
ment are observed in this case. The loop is fully symmetridVIFM, it is known that, in order to avoid divergences in the
along the vertical axis. This is because the Pt/Co is in anagnetic flux density, it is energetically favorable that the
single domain state with an out-of-plane magnetic momentnagnetization inside each domain progressively tilts towards
Therefore, no in-plane magnetic moments are induced in ththe in-plane direction as it approaches the surface of the ML,
Pt/Co ML and, hence, the Py is free to rotate along thd.e., forming closure domairfs:?? In these closure domains
in-plane direction. This means that exchange bias can b#e magnetic moments are oriented in-plane. Conversely,
induced or deleted at a fixed temperature just by applyingvhen theH, field is applied along the perpendicular to film
sufficiently large fields along the in-plane or perpendicular todirection, a featureless magnetic contrast is observed in the
plane directions, respectively. In fact, we found that a field ofP(20 nm/[Co(0.6 nm/Pt1.8 nm]s ML [see Fig. 4b)],
6 kOe, applied perpendicular to the thin film plane, is re-hence confirming that the system is in a single domain
quired to completely erase an exchange bias induced by aptate. MFM observations have also been carried out in
plying a strong(e.g.,Hy=15 kOg in-plane field. the P20 nm /[Co(0.6 nm /Pt(1.8 nm]5/Co(0.2 nm /

In order to get deeper insight on the origin of the Py(3 nm)/Cu(2 nm) ML. Figure 4c) shows the MFM image
hysteresis loop shift of this system, MFM images wereof this system after applyingl, along the in-plane direction.

OO
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FIG. 5. (a) Schematic diagram of the domain configuration that
is presumably formed in thgPt/Cal/ Py system after application of
f 1 a strongH in-plane field. For comparisor(p) shows a domain
3,5 um configuration with compensated in-plane magnetic moment, which
could be obtained after demagnetizing the sample.

FIG. 4. (Color onling (a) Magnetic force microscopyMFM) ) o o
image of the R20 nm/[Co(0.6 nm/P{1.8 nm]s multilayer plane magnetlc moment that is induced by the ladgénitial
obtained at zero field after applyingy=15 kOe in-plane field; in-plane field could stem from an enlargement of the closure

() MFM image of the same multilayer after applyingl,  domains oriented parallel td, at the expenses of those ori-
=15 kOe along the perpendicular to film directiog) MFM ented antiparallel tél, [as shown in Fig. &)]. The coupling
image of the R20 nm/[Co(0.6 nm/P{(1.8 nm]s/Co(0.2 nm/ between Py and the net in-plane magnetization of the ML
Py(3 nm)/Cu(2 nm) system after applyingdo,=15 kOe along an would then account for the observed shift of the hysteresis
in-plane direction;(d) MFM image of the same multilayer after loop. It is noteworthy that similar arguments have been used
applyingHp=15 kOe along an in-plane direction and subsequentlyto explain the exchange bias effects in the ThE€erri)/Py
applying a small in-plane fieltH=130 Og during the imaging. system10 Interestingly, an in-plane hysteresis loop on the

) . ] ] ) [Pt/Cql/Py system was also performed after demagnetizing
In this case, the interpretation of the domain pattern is moreg using an in-plane AC field and no loop shift was observed,
complex due to the overlapping between the domain Strucalthough the coercivity remained rather large, i.blg
ture of the Pt/Co ML and that of the Py layer and the shield— 119 Qe. It should be noted that the observed exchange bias
ing effect exerted by the Py layer. However, if MFM images onart from being due to direct exchange interactions between

are subsequently recorded under the presence of a small IBy and the net in-plane magnetic moment of the Pt/Co ML,
plane magnetic field of variable intensity, significant changes

in the domain pattern are observed. For instance, in kdj, 4 0225

where a fieldH=130 Oe has been applied in-plane during sl (@)

the imaging, it can be seen that some magnetic don{ains - T

dicated by the circlesremain unchanged whereas some oth- g )

ers (indicated by the squargslisappear. Since small varia- 5 om0 i

tions in the applied field are able to significantly alter the oons| i/

domain pattern, this suggests that the observed magnetic do- PO SO R (s v
mains could mainly correspond to Py. However, the fact that T
some domains remain rather stable in size while others H(00)

change abruptly may be an indication of the role of the wl )

Pt/Co in-plane magnetic moments in partially pinning the Py (b) ,;;’f‘-"

layer. In view of the MFM results, it can be argued that, = M A

since the Pt/Co ML exhibits a strong perpendicular aniso- E 00

tropy (which arises from the hybridation between the elec- = ;

tronic d states of Pt and Co at the Pt/Co interf&égsvhen h ;WJ’I =
the ML is premagnetized using a large in-plane field, the ML 02r :
is left in a multidomain state, where configurations similar to 3000 2000 -lﬁooH(:)e) 1000 2000 3000

closure domains are likely to form at the ML/Py interface. A
schematic diagram of the domain configuration that is likely £ 6. First and twentieth hysteresis loops of the
to form in the[Pt/Col+Py system after application of th&  pt(20 nm /[ Co(0.6 nm / Pt(1.8 nm) ]/ Co(0.2 nm /Py(3 nm) /
in-plane field is shown in Fig. (&. For comparison, Fig. cu@2 nm) system obtained after applyirigy=15 kOe and subse-
5(b) shows a domain pattern with a zero net in-plane magquently measuring using maximum fieltty s max= 1500 [in ()]

netic moment, which could be obtained, for instance, afteand 3500 Odin (b)], respectively. Note that the loops are shown in
demagnetizing the sample using an AC in-plane magnetithe as-measured state, i.e., no corrections for the vertical shift have
field, as has been reported in the literatth& The net in-  been performed in any of them.
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S 12¢ FIG. 8. Dependence dfi and He on temperature. The loops
E have been measured upon heating after first applying the in-plane
< 6l Hy field at room temperature and then cooling the systenT to
=150 K. To overcome training effects, several loops were first re-
corded atT=150 K before starting the overall temperature depen-
' dence measurements. The lines are guides to the eye.
1.00f
sl () sured, respectively, using maximum fielét,s; ya= 1500
§ - and 3500 Oe. The dependencdtfandAM/M on the loop
2050l number is shown in Figs.(@) and qb). It can be seen that in
Eﬁ, ) both case$lr andAM/M decrease when repeated loops are
o 035l successively recorded. However, contrary to many exchange
) bias system&2425the dependence ¢z on the loop number
0.00 ) ] X can neither be fitted to @2 nor a log or exponential type of
0 5 10 15 20 decay. The reduction is particularly steep during the first 3

Loop Number, n loops. Additionally, for Hpyg wa=3500 Oe, the loop shift
practically vanishes after a few hysteresis loops, whereas for
FIG. 7. Dependence oHe [in (a)] and AM/M (b) on the  H, ¢ \,=1500 Oe the observed decreaseHiais, at most,
loop number,n, for the P{20 nm/[Co(0.6 nm/Pt(1.8 nm]s/  of about 35%. This can be more clearly seen in Fig),7
Co(0.2 nm/Py(3 nm)/Cu(2 nm)  system after applying Ho  where the dependence &fz/Hg yayx (Where He oy is the
=15 kOe along an in-plane direction, for bdttystma=1500 and  |oop shift corresponding to the first loppn the loop number
3500 Oe. In(c) the loop shifts have been normalizedH@ vax €., s presented. This effect can be understood taking into ac-
the loop shift corresponding to first hysteresis loop after application,,nt that largeH;, < wax Values favor more dragging of the
of the in-planeHy=15 kOe field. Note that the lines are guides to Pt/Co in-plane mgMent, as also suggested by the results in
the eye. Fig. 2. As a consequence, during successive loops, if

could also originate from magnetostatic coupling betweerthystmaxis large enough, the domain configuration probably
the two materials. Namely, the Pt/Co ML has a significantchanges progressively from that shown in Figa)3nto the
remanence resulting in a varying stray field in the Py film,one in Fig. §b), where the net in-plane magnetic moment
which could also pin domain walls. Finally, it should be stemming from unequal closure domains has vanished. It is
noted that the domain pattern of the Pt/Co ML aldas  worth mentioning that if one plots the ratioM/(HgM) as a
shown in Fig. 4a)] should not be extrapolated to be the samefunction of n (not shown, one obtains a roughly constant
as in[Pt/Cq|+ Py, since the presence of the Py layer is likelyvalue, of around 0.22, for bottH st vax=1500 Oe and
to also influence the domain configuration of the Pt/Co ML,H, ¢ ua=3500 Oe, again pointing out the existent correla-
particularly the domain size because of the direct exchanggon betweerHg and AM/M.
coupling between the top Co layer and the Py and the influ- Finally, the temperature dependencietHgfandH have
ence of the Py layer on the overall magnetostatic energy dfeen also investigated. This has been carried out by first
the system. applying the in-planeH, field at room temperature, then
As already commented, this system also exhibits trainingooling the system td=150 K and, finally, measuring hys-
effects, i.e., variations in the magnitudes Idg, Hc, and  teresis loops at different temperatures ranging from
AM/M when repeated loops are performed after application50 to 600 K. As for the angular dependence, in order to
of the HO in-plane field. Training effects are sometimes a|SOOvercome the training effects, several Ioc([txsn) were re-
observed in FM-AFM systems and they usually follow acorded aff=150 K before measuring the overall temperature
1/(n)*2 law, which means that the magnitude of the loopdependence. Shown in Fig. 8 are the temperature dependen-
shift decreases with the inver%epower ofn, wheren is the  cies of Hz and Hg. Similar to FM-AFM exchange coupled
hysteresis loop numbé£*2>Figures 6a) and &b) show the  bilayers!~* both Hg and Hc. decrease when increasing tem-
first and twentieth loop of the B0 nm/[Co(0.6 nm/ perature probably due to the progressive loss of anisotropy in
Pt(1.8 nm]s/Co(0.2 nm/Py(3 nm/Cu(2 nm) ML mea- the Pt/Co ML and the concomitant thermally induced unpin-
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ning of magnetic domains. It is noteworthy that for suffi- inducing also a vertical shift of the hysteresis loop. As in
ciently low temperaturesT<200 K) the loops are even FM-AFM bilayers, an enhancement of coercivity is also ob-
slightly open, a clear indication of partial dragging of the served. The loop shift induced at room temperature is pre-
Pt/Co in-plane magnetic moment. Interestingly, the loopserved, upon heating, up =550 K. To erase the exchange
shift induced at room temperature is maintained upTto bias and the coercivity enhancement it is necessary to apply
=550 K. This makes this system appealing for technologicah strong magnetic field along the perpendicular to film direc-

applications. . . tion. The exchange bias can also be erased by cycling in
In conclusion, a shift in the hysteresis loop has been obryrge in-plane fields.

tained in a Py layer, with in-plane anisotropy, coupled to a

Pt/Co ML with perpendicular anisotropy. The loop shift is

induced, without need of any field cooling process, by apply- ACKNOWLEDGMENTS
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