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Exchange bias in ferromagnetieM)/antiferromagneti¢AF) bilayers is usually investigated in the
longitudinal configuration with the exchange coupling established in the film plane. In this work, we
report on the perpendicular exchange bias in F@vim)/[FeNi(2 nm)/FeMn(8 nm)],, multilayers
induced by perpendicular field cooling. The thin FeNi layers give rise to large values of the
exchange field and coercivity, and=15 allows a sufficiently large magnetization for the
measurements. Even though the soft FeNi layers have an intrinsic in-plane anisotropy, perpendicular
exchange bias has been observed after cooling in a perpendicular external field. The exchange field
in the perpendicular configuration is about 0.85 that of the longitudinal case. In both the longitudinal
and perpendicular configurations, the exchange field decreases quasilinearly with temperature. The
squareness of perpendicular hysteresis loops decreases with increasing temperatRf83 ©
American Institute of Physics[DOI: 10.1063/1.1544447

When ferromagneti¢FM)/antiferromagneti€AF) bilay-  with the cooling field applied along the corresponding direc-
ers are cooled in an external magnetic field from above théions. The temperature dependence of the perpendicular ex-
Neel temperature of the AF layer, both unidirectional ex-change field and coercivity with perpendicular field cooling
change anisotropy and uniaxial magnetic anisotropy are inhas been investigated. Compared to longitudinal field cool-
duced at the FM/AF interface, resulting in a shifted hyster-ng, the perpendicular exchange bias in the NiFe/FeMn mul-
esis loop and a coercivity enhancement. Longitudinatilayers is always smaller than the in-plane values. With de-
exchange coupling has been explored in a wide range direasing temperature, the squareness of the perpendicular
materials and structures with in-plane anisotrbpy.Re-  hysteresis loops increases, indicating a stronger perpendicu-
cently, several groups have shown that exchange bias cd@r anisotropy induced by the cooling field.
also be established in multilayers with perpendicular ~Samples were fabricate.d by dc magnetron sputtering in a
anisotropy?~® Multilayered CqFe,_,/Pt films show square 6 mTorr Ar atmosphere with a base pressure of 18 °
hysteresis loops when the field is perpendicular to the filmfOrT- Si wafers with a native oxide layer were used as sub-
plane, indicating that the magnetic easy axis is along th&rates. Two samples were fabricatgfeNi(2 nm/FeMn(8

surface normal. The shifted square loops have been obtain&ih)]1s multilayers and C(80nm/FeMn(8 nm)/[FeNi(2 nm)/
when the multilayers are in contact with antiferromagnetic':e'vm(8 nm)}is /CU30 nm multilayers for structural and

CoO, FeMn, or FeFafter field cooling magnetic measurements, respectively. The second sample in-
In contrast to the studies on films with perpendicularcIUdeS an extra FeM(8 nm) layer such that every FeNE

anisotropy, no observations of perpendicular exchange bia m) layer is sandwmhgd_between two Fg(}ﬁmm) Iaye_rs.
ing have been reported for films with in-plane anisotropy. It he bottom Cu layer is included to stabilize the antiferro-
" _magneticy phase of FeMn and the top Cu layer protects the

is interesting to explore whether perpendicular exchange bi- : o L
. .= e . - 2~ “magnetic layers from oxidation. No external magnetic field
asing exists in samples with in-plane anisotropy. In principle

. : : _Wwas applied during deposition.
egchgnge bias can pe mdu_ced regardless of the field cpolmg Figure 1 shows a small angle x-ray reflectivity pattern
direction, however, it remains to be seen how perpendicul

A , ¥or the [FeNi(2 nm)/FeMn(8 nm)];5 multilayer sample with
exchange bias is different from the m-plane case. Cu Ka radiation. Figure 1 clearly shows the superlattice
Here, we report the exchange bias study in NiFe/FeMn oy s associated with the multilayer structure. The calculated
multilayers, in which both longitudinal and perpendicular ®X-hilayer period of 10.2 nm is in good agreement with the
change coupling have been observed at room temperatugfesigned period of 10 nm.

The magnetic properties were characterized using a vi-
dElectronic mail: li.sun@jhu.edu brating sample magnetometgk/'SM) ADE model 10 from

0021-8979/2003/93(10)/6841/3/$20.00 6841 © 2003 American Institute of Physics

Downloaded 13 May 2003 to 128.220.233.88. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



6842 J. Appl. Phys., Vol. 93, No. 10, Parts 2 & 3, 15 May 2003 Sun et al.

107k addition, the multilayer structure also provides exchange
coupling from both interfaces of the FM layer as opposed
—~ 10°F one interface in FM/AF bilayers.
z s ! The longitudinal exchange energy per unit ardar() of
g 10 i the FeMri8 nm)/[FeNi(2 nm)/FeMn(8 nm)];5 multilayer can
’g ol be calculated from:
I
= 10 Bt Agy=—HgteM g2, )
10°¢ : o :
whereHg, is the measured exchange fietd, is the single
10" P T s o g FM layer thicknessM is the saturation magnetization of the
FM layer, and the factor of 2 is due to the two FM/AF inter-
20 faces. For the FeMB nm)/[FeNi2 nm)/FeMn8 nm)];s
FIG. 1. Small angle x-ray diffraction pattern fgFeNi2 nm/Femn@  Multilayer sampleA oy has been calculated to be 0.065 erg/
nm)];s multilayers. cn? using M =785 emu/cr at room temperature.

When the longitudinally field cooled sample was mea-
sured with the field perpendicular to the film plane, as shown
100 K to room temperature. Lower-temperature measurein Fig. 2(b), we observed a slanted loop, characteristic of a
ments, down to 5 K, were performed on a superconductingnagnetic hard axis. As expected, there is no exchange bias
quantum interference devicé&SQUID) magnetometer. All  field since the exchange coupling has been established in the
samples were heated to 428 K in the VSM and cooled in dlm plane.
2.0 T external field. For measurements taken between 5 and The same[FeNi2 nm/FeMn8 nm)];s multilayer
100 K, the sample was first field cooled to room temperaturgample was then cooled with the applied field perpendicular
in the VSM and then field cooled in the SQUID magnetome-to the film plane from 428 to 300 K. After perpendicular field
ter. At each temperature, the sample was cycled four times inooling, the hysteresis loop is shifted with an exchange bias
the external field and the fifth hysteresis loop was recordedield of —676 Oe and coercivity of 203 Oe, as shown in Fig.
The FeMri8 nm)/[FeNi2 nm)/FeMn(8 nm)];s sample  2(c). This result clearly shows that perpendicular field cool-
was first cooled with the field applied parallel to the film ing has established perpendicular exchange bias even though
plane. Measurements were taken with the applied field paii is the hard axis of the thin ferromagnetic layers. When the
allel and perpendicular to the film. Figurga® shows a perpendicular exchange-coupled sample is measured with
room-temperature hysteresis loop with longitudinal fieldthe field in the film plane, there is no loop shift but enhanced
cooling and measured along the cooling field direction. Ancoercivity, as shown in Fig.(@).
exchange bias field of 824 Oe and a coercivity of 238 Oe A comparison of the four hysteresis loops in Fig. 2
were measured. Note that the multilayer structure enableshows that the values of exchange bias field and the
high accuracy measurements even though the NiFe layers ateercivityH at room temperature for longitudinal exchange
only 2 nm thick. The multilayer structure is particularly ad- bias are larger than those for perpendicular exchange bias.
vantageous for studying perpendicular exchange bias ifigure 3 shows the temperature dependence of the coercivity
small magnetic fields where the signal is even smaller. Irand the exchange field for both longitudinal and perpendicu-
lar field cooling. Both the coercivitH: and the absolute
value of exchange bias fieldg display similar temperature

—>  Field cooling T Field cooling dependences regardless of the field cool direction. The lon-
E gitudinal and the perpendicular exchange bias fields show a
E quasilinear temperature dependence and extrapolate to zero

| at 424 and 410 K, respectively. At each temperature, the

A S I P perpendicular exchange bias field is always smaller than the
< 00 = 00 i longitudinal exchange bias field, however, the ratio of the

05 = H 05 ra TH perpendicular exchange bias field to the longitudinal ex-
P I b e e change field remains at about 0.85 with a weak temperature
-10000 6000 0 5000 10000 10000 5000 0 5000 10000 dependence, as shown in Fig. 4. The coercitdtyshows a

Foe) H o much stronger temperature dependence than the exchange
101 (b) e 100 (d) e bias field and decreases rapidly with temperature. The value
08 08 N of H¢ for the perpendicular exchange bias is also always

=00 = 00 . smaller than that for the longitudinal exchange bias.
0.5 o 0.5¢ . H . . .
b TH »1_0%._ _________ LN For the case of perpendicular exphange bias in Cp/Pt
10000 5000 0 5000 10000  -10000 -5000 O 5000 10000 multilayers pinned by CoOthe perpendicular exchange bias
H (Oe) H(Oe) field was also found to be smaller than the longitudinal ex-

FIG. 2. Hysteresis loops of FeNinm)/[FeNi2 nmy/FeMn nm)Js mul- change bias field with a ratio of about 0.5. This fact has been
tilayers. (a) and (c) longitudinal field cool,(b) and (d) perpendicular field a_ltmbUt_ed to the special spin structure and th_e strong crystal-
cool. line anisotropy of(111) texture of CoO. Unlike CoO and
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L ' ' ' ' ' than that of CoO. These differences probably cause the ratio
4000 (@)1 of the exchange bias field in FeMn/FeNi multilayers to be
) different from those in other systems.
o 3000 f — i A comparison of Figs. @) and 2d) show that even
T 2000 - \'\. -Hgy | though perpendicular exchange bias has been established,
[ . ] there remains substantial in-plane magnetic anisotropy. In-
= 1000 L \.\ | deed, the magnetization saturates at a smaller field with the
~ Hey * field applied in-plane than when applied perpendicular to the
0l +t?—?——°= film plane. It is also noted that the squareness of the hyster-
4000 R (b) - esis loop in both Figs. () and 2d) is small. For the un-
m shifted loop in Fig. 2d), the squareness is taken as the ratio
O 3000+ _ of remanent magnetization and saturation magnetization. For
5:6 _ the shifted loop in Fig. @), the remanent magnetization is
., 2000 e . taken as the value &tz . While perpendicular squareness in
T T _Hg, ] Fig. 2(c) is small, its value increases rapidly with decreasing
1000 l\..\ . temperature at low temperatures as shown in Fig. 4, in a
\D\?HCL ?__: manner similar to the temperature dependence of the coer-
00 5'0 160 150 200 250 36 0 civity. The remanence b_ecomes quite su_bstgtﬁﬂbbut 0.5
T (K) at low temperatures. This suggests that if thinner FM layers

had been used, one may achieve perpendicular exchange bias
FIG. 3. Temperature dependence of the exchange bias and coercivity fawith perpendicular anisotropy.
longitudinal (8) and perpendiculafb) field cool. In summary, we have shown that perpendicular ex-
change bias can be established in FM/AF multilayers with
in-plane anisotropy through perpendicular field cooling. In
FeF, used in the perpendicular anisotropic multilay®r$, the FeMri8 nm)/[FeNi(2 nm)/FeMn(8 nm)];s multilayer, the
FeMn does not have a bulk spin structure with alternatingperpendicular exchange bias field is about 0.85 of the longi-
oppositely aligned spins. AntiferromagneticFeMn has a tudinal exchange bias field at all temperatures. Although in-
face-centered-cubic structure where the Fe and Mn atomslane magnetic anisotropy remains after perpendicular field
randomly occupy the lattice’® FeMn has a noncollinear cooling, the rapidly increasing squareness with decreasing
spin structure and the crystalline anisotropy is much smalletemperature, suggests that perpendicular anisotropy may be
possible with different ferromagnetic layers with small thick-

nesses.
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