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We investigated the in-plane reorientation of magnetization in epitaxial Fe/MnPd bilayers. The
samples with various thicknesses of MnPd and Fe layers present a conventional square and an
unusual two-step exchange biased hysteresis loops at different temperature. The shape of the loops
is reproduced using the coherent rotation model and including the relative orientation of the uniaxial
anisotropy with respect to the exchange bias. The parallel and perpendicular uniaxial anisotropies in
the ferromagnetic layer are linked to the aligned and the reoriented states, respectively. The
magnetic reorientation between the aligned and the reoriented states, which is determined by the
competition between the interface exchange coupling and the intrinsic uniaxial energies, is shown
to be driven by the temperature, as well as the thickness of MnPd and Fe layers. © 2010 American

Institute of Physics. [doi:10.1063/1.3367705]

The exchange bias (EB) effect, observed for a ferromag-
net (FM) in contact with a variety of antiferromagnets
(AFM), has attracted much interest for decades, in particular,
due to the renewed interest in exchange biased bilayers for
application in magnetoresistive sensors." The key factor for
EB in FM-AFM bilayers is the interface exchange coupling
which contributes to both enhancing the coercivity, H,, and
shifting the hysteresis curve, H,,. Previous models used to
account for the EB effect usually assume an uncompensated
AFM surface and a collinear FM-AFM exchange coupling at
the interface.” However, micromagnetic calculations show
that due to the spin-flop coupling the ground state for a com-
pensated FM-AFM interface is an orthogonal magnetic ori-
entation of the FM and AFM spins.3 The perpendicular ex-
change coupling can exert an in-plane uniaxial magnetic
anisotropy K,y on the FM layer4 and has been observed in
both comé)ensated and uncompensated FM-AFM coupled
bilayers.s’ Including the intrinsic uniaxial anisotro_})y, Kewms
of the FM layers, which may have various origins,” the FM
magnetic direction is determined by the combined uniaxial
anisotropy K, resulting from the competition between Kpy
and K,y Depending on the relative orientation of the two
anisotropies, the strength of K, is either enhanced or re-
duced. If Kgy and K, favor different directions, an in-plane
reorientation of magnetization is theoretically predicted to
take place due to the different behavior of the competing
anisotropies on the temperature, the film thickness, and the
strength of exchange coupling.&11

In this work, we experimentally observed a variety of
in-plane magnetic reorientations in Fe/MnPd bilayers with
various thicknesses of both FM and AFM layers. The mag-
netic reorientation occurs between an aligned state (AS) and
a reoriented state (RS) which produce the conventional
square and the unusual stepped EB loops, respectively. We
assume that the intrinsic uniaxial anisotropies of both FM
and AFM layers are parallel, thus when the perpendicular
coupling is weak, AS has the spins for both FM and AFM
collinear to the intrinsic easy axes [Fig. 1(a)]. If the spin-flop
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coupling becomes dominant then the spin configuration is
reoriented to the RS in which case the moments of FM are
aligned perpendicular to their easy axis and the AFM sublat-
tices; moreover, the AFM spins near the interface are slightly
canted to lower the interface exchange energy [Fig. 1(b)].
Fe/MnPd bilayers, with the thicknesses for Fe, tg., fixed
at 10 nm and for MnPd, #y;,pg, Varying from 5 to 75 nm, were
deposited on MgO(001) substrates in an Ion Beam Sputter-
ing system.12 The substrates were annealed at 500 °C for
1 h and held at 120 °C during deposition. All samples were
grown in the presence of an in-plane magnetic field,
H,rowin =300 Oe, along the Fe[100] direction and subjected
to a subsequent annealing at 230 °C for 1 h in vacuum. A
2 nm protective Pt layer was deposited on top of the films.
The samples was verified by x-ray diffraction (XRD),
which confirms the films are epitaxially grown on the sub-
strates with (001) growth orientation for Fe layers and a-axis
normal orientation for MnPd layers [Fig. 2(a)]. The results
calculated from XRD indicate that with increasing ty;,pq the
normal oriented a-axis of MnPd is expanded from 3.92 to
4.00 A, while the lattice constant of Fe is kept at 2.88 A [Fig.
2(b)]. The expansion of MnPd lattice indicates that the strain
caused by the crystal lattice distortion in epitaxial MnPd lay-
ers is gradually relaxed via the formation of dislocation with
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FIG. 1. Schematic of the spin configuration in the interface plane of FM-
AFM bilayers in (a) aligned state and (b) reoriented state. The intrinsic
uniaxial anisotropies of both FM and AFM subsystems are along x axis.
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FIG. 2. (Color online) (a) Typical XRD scans for a series of a-axis oriented
Fe(10 nm)/MnPd bilayers with various fyypg. (b) MnPd thickness depen-
dence of lattice constants for Fe and MnPd layers.

increasing fypg- These dislocations and the boundary be-
tween the variants can then give rise to the AFM domain
formation.'*'*

The magnetic properties were characterized using a
Quantum Design physical properties measurement system.
The samples were cooled from 300 to 10 K under a cooling
field, Hooling> Of 5 KOe parallel to H gy The magnetic field
was cycled ten times to minimize the training effect. Subse-
quently, the hysteresis loops were measured from 10 to 300
K. The bilayers with #y;,pg=20 nm show square loops for
the whole range of temperature [Fig. 3(a)]. However, the
samples with #y;,pq=30 nm exhibit at low temperature un-
usual two-step EB loops, in which H,, H,, Hs, and H, are
defined as the switching fields for different steps [Fig. 3(b)].
With increasing temperature, the loop shift is decreased and
the stepped loop becomes square. The square and stepped
loops indicate that the Fe layer has K,, which is superim-
posed on the cubic anisotropy K; of Fe, collinear and per-
pendicular to the applied field H, mspectively.15

Although H aligned with the easy axis often leads to a
magnetization reversal by domain nucleation,'® a coherent
rotation model of magnetization can still give us an under-
standing on how the shape of loops is affected by the relative
orientation between K, and the EB induced unidirectional
anisotropy Keb.”‘ls The energy per unit volume for the Fe
layer with H applied along K,, can be expressed as E
=(K,/4)sin> 20* K, cos* —K,;, cos 6—M H cos 6, where 6
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FIG. 3. (Color online) Representative hysteresis loops at various tempera-
ture for (a) Fe(10 nm)/MnPd(20 nm), (b) Fe(10 nm)/MnPd(30 nm), and (d)
Fe(30 nm)/MnPd(30 nm) bilayers. In the inset of (b), we present the loops
obtained at 300 K with the applied field parallel (II) and perpendicular (L)
t0 Hypown- (¢) Calculated hysteresis curves for K, parallel (II) and perpen-
dicular (L) to K,,,. The triangles (squares) correspond to a large (small) K.
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FIG. 4. (Color online) Temperature dependence of (a) H. and (b) H,, for
Fe(10 nm)/MnPd bilayers with various fy,pq. Inset of (a) shows H,, and J,,
as a function of fypq at 10 K. Inset of (b) presents H, and K, calculated
from the stepped EB loops for #y,pg=30 nm.

is the angle between the magnetization M, and K,,. The sign
of the uniaxial term represents the orientation of K,. As il-
lustrated in Fig. 3(c), for the AS, where K, IIK,,, a negative-
shifted square loop is obtained with a substantially enhanced
coercivity. For the RS i.e., K, L K,,, a stepped EB loops can
be achieved. Depending on the strength of K,, H; can be on
the left (squares) or the right (triangles) side of H; for small
and large value of K, respectively; this is in agreement with
the experimental observation in Fig. 3(b).

The switching fields of the square loops, H.; for the
descending and H,jgp, for the ascending branch, are used to
estimate H,, and H, according to H,,=—(Hgn+Her)/2
and H,.=(H,;gn—H,e)/ 2, respectively. For the stepped loops,
H, and H;, and H, and H,, are symmetric about H,,,
respectively, thus H.,=(H,—H,)/2, H,=(H;—H,)/2, and
H,,=—(H3+H,)/2=—(H4;+H,)/2. H,, and H. for the
samples with various ty;,pq are measured from 10 to 300 K
and displayed in Figs. 4(a) and 4(b), respectively. Magnetic
behaviors for the samples with #y;,p4=30 are almost identi-
cal, thus we only plot the representative coercivities to make
Fig. 4(b) clearer. H,, for all the samples is reduced with
increasing temperature and eventually vanish at a blocking
temperature of Tp=90 K. Moreover, as observed in other
systems,19 the temperature dependence of H, shows, around
Tp, a small and a broad peak for the bilayers with fypq
=10 and 20 nm, respectively. It is well known that the bulk
MnPd alloy with CuAu I structure is antiferromagnetic with
a Néel temperature of 540 °C.% We ascribe Tg, far lower
than T, to reduced long-range chemical ordering in MnPd
layers.” A weak H,, below 10 Oe can still be observed at
300 K in such bilayers? [inset of Fig. 3(b)]. This is probably
due to some local regions in MnPd where the chemical or-
dering is higher than average. Higher post-annealing tem-
perature can result in higher chemical ordering and consid-
erable H,, at room temperature.23 We notice that H,. of the
bilayers is larger than that of pure Fe film even when the
temperature is far larger than Ty, which can be also inter-
preted by the distribution of the chemical ordering parameter
of MnPd.
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The strength of K,, which is perpendicular to K,,, can
be extracted from the stepped loops by using the shift
field, H,=(H,,—H,)/2, which is related to K, through K,
=M5HS.24 Unfortunately, the square loop is unsuitable for
determining K, along K,, because magnetization reversal
takes place by domain nucleation. For the bilayers with
tvnpa =30 nm, K, aligned perpendicular to K, decreases
with increasing temperature [inset of Fig. 4(b)]. The critical
temperature for K, reoriented from perpendicular to parallel
to K,, is a little below Tp. All the facts suggest that the
interface exchange coupling is decisive to produce the per-
pendicular K, inducing RS. On the other hand, the Fe layer
has an intrinsic uniaxial anisotropy Kgy collinear to Hgroun-
The square and the two-step loops are obtained at 300 K for
H applied parallel and perpendicular to Hgqyq, respectively
[inset of Fig. 3(b)]. Kpy/ M, of magnitude ~5 Oe can per-
sist down to 10 K. Therefore, we conclude that the in-plane
reorientation of K, is the consequence of the competition
between K,y and Kpy. The spin-flop couplin% reorients Fe
spins perpendicular to the AFM sublattices,” whereas K,
keeps the magnetization of Fe at the intrinsic uniaxial easy
axis. The spin-flop model originates from the intrinsically
compensated FM-AFM interfaces,3’4 but this model still can
be extended to uncompensated AFM surface, with average
compensation of the interface spins produced by interface
roughness, domain formation, etc.® It is well known that
the chemically ordered a-axis MnPd surface is spin
uncompensated.20 Herein, the behavior of the average com-
pensated FM-AFM interface is likely caused by the chemical
disorder in MnPd rather than the interface roughness. On the
other hand, the magnetoelastic effect’ and any uncompen-
sated moments™ with orthogonal orientation can also ac-
count for K, perpendicular to Hygjing- T verify the possibil-
ity, we have measured the samples along both/orthogonal Fe
easy directions and obtained stepped EB loops identical to
that shown in Fig. 3(b). Therefore, for this model to be ap-
plicable, the cooling field should align the uncompensated
AFM moments orthogonal to it, i.e., a physically unlikely
possibility. Moreover, it would be difficult to interpret both
K, and K,;, along Hyin,, i-€., the square loops in Fig. 3(a),
using such perpendicular moments. Therefore, these two po-
tential mechanisms can be excluded. It should be reiterated
that the spin-flop coupling only gives rise to a uniaxial an-
isotr%)gl but the defect-induced AFM domains lead to a
bias.™

As discussed above, the temperature-driven reorientation
of magnetization is observed for the bilayers with #y;pg
=30 nm. From another view of point, the series of samples
also shows the AFM thickness-driven magnetic reorientation.
At a given temperature, such as 10 K, the samples show a
square loop for fyppg=20 nm and a stepped EB loop for
tvopa =30 nm. Both #i, and Ky, are kept constant for vari-
ous samples, so the reorientation from AS to RS is due to the
enhancement of the spin-flop coupling J,,, which is related
to K, through K ;c—(J,)*/|[Jopm|, Where Japy is the ex-
change coupling in AFM.” When Ky is weak, Kgy becomes
dominant and keeps the Fe spins aligned parallel to H oy
If the spin-flop coupling energy is large enough to compen-
sate the increase of both the anisotropy energy of Fe and the
intrinsic exchange energy of MnPd, K, forces the magneti-
zation of Fe to preferentially reorient perpendicular to the
intrinsic Fe uniaxial easy axis. '’ Using the relation J,,
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=H,tpeM, and M =1700 emu/cm?®, J,, can be obtained.
Following the general trend for the dependence of H,, on the
AFM thickness,'” at 10 K both H,, and J,, for the series of
bilayers with fixed fg, are enhanced with increasing fy,pq and
reach saturation around fy,pq=30 nm [inset of Fig. 4(a)].
According to the domain state model, the dislocation created
by the lattice relaxation is also a possible reason for the
increase of H,,."” The critical value of J, is estimated to be
0.25 erg/cm? to realize the reorientation of magnetization.

The uniaxial anisotropy energy of the FM layer is pro-
portional to its thickness. Therefore, if we keep K, un-
changed and increase fg., the enhancement of the uniaxial
anisotropy energy of the Fe layer can switch RS back to AS.
In order to verify this principle, MnPd(30 nm)/Fe(30 nm)
bilayer was made, and the representative loops are shown in
Fig. 3(d). At 10 K, this sample shows a stepped loop with a
small H,, and a weak K, as compared to the MnPd(30
nm)/Fe(10 nm) bilayer. Since J,, as well as K, are reduced
with increasing temperature, Ky, becomes dominant at 30 K,
and then AS is achieved. Comparing the two samples with
the same fy,pq but different #g,, the FM thickness-driven
magnetic reorientation from RS to AS takes place at 30 K
with increasing fg. from 10 to 30 nm while keeping fy,pq
=30 nm.
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