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Switching behavior of Fe-PtÕNi-Fe exchange-spring films studied by resonant soft-x-ray
magneto-optical Kerr effect
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We have studied the magnetic switching behavior of exchange-coupled Fe55Pt45/Ni80Fe20 films. On top of
magnetically hard Fe55Pt45 films having coercive fields up to 10 kOe were deposited soft magnetic NiFe films
of different thickness values to form exchange-spring magnet structures. Magnetometry measurements exhibit
the loop shapes characteristic of the exchange coupling between hard and soft magnetic phases; a reversible
switching of the soft layer at low fields and an irreversible switching of the hard layer at higher fields. To
investigate the switching behavior in more detail we prepared samples with 20-Å Co layers either deposited on
top of the soft magnetic NiFe film or at the NiFe-FePt interface. Soft-x-ray magneto-optical Kerr effect
measurements performed at the CoL-edge resonance allows us to use the Co layer as a local probe of the
reversal process. The element-specific Kerr loops reveal that the reversible twist in the soft layer is not pinned
rigidly at the interface but rather propagates significantly into the hard magnetic layer. As a consequence the
reversible magnetization is not only stored in the soft layer, as often assumed. Additionally the major loops do
not exhibit any well-defined switching field of the hard layer. Instead the results indicate that the irreversible
switching of the hard phase evolves continuously with increasing external field in this materials system.
ne
a

-

y
s
-

n
le
lle

ize
gh

al
ha
iz
te
d

tru
th
Th
th
n-
e
te

/so

ring
re-
ipu-

ior

l for

ePt
s.
nt
ag-

the
rs,
Pt/
ef-

ess,
l per-
ing
ys-
es.
m
ng

ers
ates

the
I. INTRODUCTION

In order to create high performance permanent mag
for future applications in magnetic technology it is of gre
interest to optimize the maximum energy product (BH)max,
twice the maximum magnetostatic energy available from
magnet of optimal shape. It is well known that (BH)max in-
creases with the coercive fieldHc as well as with the satu
ration magnetizationM sat. However, for materials with high
Hc values„HcÌ2pMsat… the theoretical value for the energ
product is limited only byM sat. In this case one obtain
„BH…maxÄ„2pMsat)

2. Maximizing the energy product re
quires identifying materials with a highM sat and sufficient
anisotropy to maintainHc.2pM sat. A high Curie tempera-
ture Tc is also required for most technical applications. U
fortunately these conditions are not easily met from sing
phase materials. On the basis of these limitations, Kne
and Hawig1 proposed an alternative approach to optim
(BH)max by combining a hard magnetic phase with a hi
Hc with a soft magnetic phase with highM sat in a nanocom-
posite geometry. Such exchange-coupled systems are c
exchange-hardened or exchange-spring magnets. The
magnetic phase provides the high anisotropy and stabil
the soft magnetic layer via exchange coupling at the in
face. The term exchange-spring refers to the reversible
magnetization curves that are often observed in these s
tures. The soft phase is pinned at the interface, while
center of the soft phase can rotate with a reverse field.
angle of rotation increases with increasing distance from
hard layer, as in a Bloch wall, and will rotate back in alig
ment with the hard phase when the applied field is reduc
This is shown schematically in Fig. 1. Interest in such ma
rials has led to research into exchange-coupled hard
PRB 620163-1829/2000/62~17!/11694~5!/$15.00
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magnetic bilayers and multilayers as model exchange-sp
magnets.2,3 Hard/soft magnetic bilayers have also been
cently studied because they allow one to control and man
late domain-wall structures in ferromagnetic films4–6 and for
potential applications in magnetic devices.7,8

In this paper we present the magnetic switching behav
of exchange-coupled Fe55Pt45/Ni80Fe20 bilayers. FePt in the
L10 phase has been proposed as a hard-magnet materia
high-energy product exchange-spring magnets.9 First we
briefly discuss the properties of the magnetically hard F
films, which we optimized to obtain high coercive field
Subsequently, we deposited soft NiFe films of differe
thicknesses on top of the FePt to form exchange-spring m
net structures. For a more detailed investigation of
switching behavior, we studied samples with 20-Å Co laye
either deposited on top of the soft NiFe film or at the Fe
NiFe interface. Resonant soft x-ray magneto-optical Kerr
fect measurements performed at the CoL edge allow us to
use the Co layer as a local probe of the reversal proc
since these layers are reasonably assumed to be a smal
turbation to the overall properties of the exchange spr
system. We will discuss the switching mechanism of the s
tem with respect to reversible and irreversible properti
Comparison with the recently studied SmCo/Fe syste3

highlights the individual variations in the exchange-spri
behavior for different materials and microstructures.

II. EXPERIMENTAL PROCEDURES

The single FePt films as well as the FePt/NiFe bilay
were grown by magnetron sputtering onto glass substr
with a 15-Å Pt seed layer.10,11 The hard-magnetic Fe55Pt45
films are cosputtered from elemental targets allowing
11 694 ©2000 The American Physical Society
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composition to be controlled. The Ar sputtering pressure w
10 mTorr and the substrate temperature maintained
420 °C. For this study the FePt layer thickness was kept c
stant at 200 Å. The samples were then cooled to 150 °C p
to the deposition of the Ni80Fe20 layers to avoid a chemica
reaction with the hard layers. The NiFe layers were sputte
from an alloy target in 3 mTorr of Ar and range in thickne
from 100 to 800 Å. 20-Å thick Co marker layers were d
posited at different depths within the NiFe layer under
same conditions. Below we discuss the results for the
layers either at the FePt-NiFe interface or on top of the N
layer. All films are capped with Pt to prevent oxidation.

We studied the magnetic properties by the visib
magneto-optical Kerr effect~MOKE! and with a supercon
ducting quantum interference device. Major and reman
magnetic hysteresis loops were measured to gain informa
about the reversible and irreversible magnetization part
the exchange-spring system. The Co hysteresis loops w
measured by resonant soft x-ray magneto-optical Kerr ef
~XMOKE! at the Advanced Light Source at Lawrence Be
keley National Laboratory. Both the rotation and intensity
linearly polarized x rays incident at 7–8° from grazing we
measured in a longitudinal field.12–14 The XMOKE rotation
signal measures changes in longitudinal magnetization, w
the intensity signal measures changes in net transverse
netization that may be present in certain reversal mec
nisms, such as coherent rotation. Sensitivity to just the
layers is obtained by tuning to the CoL3 edge and using a
tunable linear polarizer for rotation measurements. This
ment specificity allows selective probing of the magnetic
sponse of both the top of the NiFe layer as well as the Ni
FePt interface by measuring the Co response of ma
layers located at these positions.

III. RESULTS AND DISCUSSION

For the FePt single layers we found that a ratio of 55 at
Fe and 45 at. % Pt results in the highestHC values. Typical
200-Å FePt films have 10-kOe coercive fields at room te
perature, in agreement with the finding of Refs. 10 and

FIG. 1. The spin structure commonly associated with
exchange-spring magnet; a reversible twisting of the soft layer
reverse field pinned at the interface of the hard layer.
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X-ray diffraction confirms a~111! texture of the high-
anisotropyL10 phase of FePt.

Magnetization loops for selected FePt/NiFe(t) bilayer
structures are shown in Fig. 2. The loops exhibit a conti
ous change with increasingt from a shape similar to the FeP
film for t5100 Å to loops typical of an exchange-couple
bilayer system.15,16 The coercive fields of the composit
films drop systematically with increasingt from about 1.8

n
a

FIG. 2. Hysteresis loops for FePt/NiFe exchange-spring fil
with 200-Å FePt layers and increasing FeNi thickness values
given in each panel.
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11 696 PRB 62HELLWIG, KORTRIGHT, TAKANO, AND FULLERTON
kOe for the t5100 Å layer down to ;100 Oe for t
5800 Å. For the thicker NiFe layers, the films nucleate
versal at low fields and then asymptotically approach sat
tion with increasing field. This behavior is associated with
twisting of the soft layer as shown in Fig. 1. The nucleati
field HN is the field that introduces the twist into the so
layer and corresponds to the sharp drop in magnetiza
during reversal. This field was determined analytically
Goto et al.4 assuming an infinitely rigid hard layer as give
by

HN5p2AS/2MStS
2, ~1!

where AS is the atomic exchange within the soft layer~of
order 1026 erg/cm) andMS andtS are the saturation magne
tization and thickness of the soft layer, respectively. Mic
magnetic calculations including finite anisotropy of the ha
layer find thatHN scales astS

21.75 for thicker soft layers.17

This scaling with soft layer thickness gives a reasonable
scription of the nucleation fields for the present samples

One characteristic of exchange-spring films is that
twisting behavior of the soft film should be reversible f
fields below those required to switch the hard layer. We
plored this in more detail for a 500-Å NiFe bilayer film
Shown in Fig. 3 are the major hysteresis loop and the re
nent loop for the FePt films and the 500-Å NiFe sample fr
Fig. 2. We measured the remanent loop by first saturatin
a negative field and then measuring the remanent magne
tion after applying increasingly positive fields. The reve
ible change in magnetizationDM rev(H) is given by the dif-
ference between the remanent loop and the major loop f

FIG. 3. Major loop~solid line! and remanent loop~filled circles!
for an uncoupled FePt single layer~top panel! and for an exchange
coupled FePt/NiFe bilayer film~bottom panel!.
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given reverse field. The irreversible magnetization chan
DM irr(H) is given by the difference between the remane
magnetization for a reverse fieldH and the remanent magne
tization after saturating the sample. For a single FePt fi
the remanent loop closely mimics the major loop with a 10
difference between theHc and the remanent coercivityHcr
where the remnant loop crosses zero.

For the exchange-spring sample, the twisting behavio
reversible resulting in a large difference between the rem
nent curve and the major loop and betweenHc andHcr . The
reversible properties of the NiFe layer are shown explic
in Fig. 4 where we plot a minor loop for a field larger tha
the coercive field. As the field is removed the remanent m
netization is nearly completely regained. Irreversible switc
ing occurs at higher fields and is characterized by the re
ment coervcitiy (Hcr is the field where half the sample ha
irreversibly switched!. Irreversible switching is usually asso
ciated with the reversal of the hard magnetic layer. A feat
of the FePt/NiFe system that differs from some oth
exchange-spring systems15,16 is the smooth approach of th
saturation magnetization rather than a sudden switching
the saturated state. It is not possible to define a switch
field for the hard layer from the major loop but it can b
estimated from the remanent coercivityHcr . Thus, for
thicker NiFe layers the coercivityHc is dominated by the
reversible behavior of the NiFe layer andHcr is characteristic
of the irreversible behavior of the FePt layer. There is, ho
ever, some irreversible magnetization loss for all fields ab
HN .

In order to probe the magnetic switching behavior of t
exchange-spring system and in particular to study the in
facial region between the hard and soft layers, we added

FIG. 4. Major loop~thick solid line!, minor loop~thin solid line!
and remanent loop~filled circles! for the exchange-coupled FeP
NiFe bilayer film shown in Fig. 4. The arrows indicate the directi
of the field sweep for the major and minor loops.
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interlayers to a set of samples having a 500 Å thick N
layer. The Co layers act as marker layers to probe the lo
response of the system. A Co layer at the surface of the N
layer reflects the properties of the top part of the soft lay
while the Co layer at the NiFe-FePt interface determines
reversal behavior near the interface and provides insight
the hard layer. The element-specific Co hysteresis loops
ing the Kerr rotation signal are compared to the magneto
ter loops in Fig. 5. We measured both major loops and mi
loops. The top panel of Fig. 5 shows a minor loop for t
structure with Co on top of the NiFe. The Co layer exhibits
square loop at the nucleation field for the total structu
Thus when the twist structure is introduced into the 500
NiFe layer, surface spins completely reverse and a dom
wall forms within the bilayer. Additional information can b
obtained from the Kerr intensity. For this sample the K
intensity signal~not shown! exhibits a feature in the reversa
region indicating that a net transverse moment exists du
reversal. This is also consistent with coherent rotation,
not with a mechanism involving randomly oriented domai
Hysteresis effects are small, so that the minor loop is ne
reversible~as long as the hard layer is not switched! resulting
in a biased minor loop for the top Co layer. The loop bias
determined by the nucleation field for reversal and can
estimated from Eq.~1!.

FIG. 5. ~a! Top panel: Element-sensitive Kerr rotation loop f
the 20-Å Co layer on top of the 500-Å NiFe~thin line! compared
with the major~thick line! and remanent loop~circles! of the bilayer
structure.~b! Bottom panel: Element-sensitive Kerr loop for the C
layer at the hard-soft magnetic interface~thin line! compared with
the major ~thick line! and remanent loop~circles! of the bilayer
structure.
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For the interface Co layer@Fig. 5~b! bottom# the noise in
the x-ray MOKE measurement is higher since the x-ray
tensity at the marker layer is reduced by roughly 20 times
absorption in the NiFe. Nevertheless, the statistics are s
cient to explore the reversal of the interfacial Co layer.
displays a loop that looks very similar to the major loop
the total bilayer system. The coercive field is slightly larg
but the nucleation field and the general shape are ne
identical. As the interfacial Co layer reflects the rever
properties of the top of the FePt layer,18 these results show
that the hard layer starts reversal at the nucleation field of
soft layer. This implies that reversible magnetization
stored not only in the soft layer but also in the hard layer.
fact, the interfacial layer is nearly completely switched in t
reversible regime (H,Hcr). This behavior of the hard mag
netic layer is contrary to simple models that suppose a tw
primarily in the soft layer and a rigid structure in the ha
layer as implied in Fig. 1 and explicitly assumed in derivin
Eq. ~1!. The FePt/NiFe system shows significant deviati
from this model. Such a reversible perturbation of the h
layer had been inferred from magnetization curves
SmCo/Fe and SmCo/NiFe bilayers.15,16 In these cases, the
magnetization is fitted to a one-dimensional model to se
rate the behavior of the hard and soft phases. In the pre
case, by exploiting the element specificity of the XMOK
technique we were able to observe directly the interfac
response. As can be seen, for low fields the exchange-sp
propagates into the hard magnetic layer demonstrating
the hard phase possesses a significant portion of the re
ible magnetization.

As mentioned above, the FePt/NiFe samples exhibit
asymptotic approach to saturation. In the SmCo/Fe syste15

there was strong irreversible drop in magnetization at hig
fields indicating the sudden switching of the hard layer. Su
a feature is missing in the loop of the FeNi/FePt bilayer. T
hard phase seems to switch continuously with increasing
ternal field rather than at a defined value. The origin for t
different switching behavior can be found by considering
microstructure of the hard magnetic layers. The SmCo h
layers were epitaxially grown onto single-crystallin
MgO~110! substrates resulting in the SmCo films having
well-defined uniaxial in-plane anisotropy. The current Fe
films are~111! textured. Since the FePt easy axis is along
~001! axis of the ordered FePt the local easy axis lies at
angle with the film normal with a random in-plane distrib
tion. The magnetic properties of FePt films are nearly isot
pic for the fields applied parallel or perpendicular to the s
face. In the exchange-spring structure the soft layer nucle
reversal of the hard. The domain wall in the soft layer prop
gates into, and switches the hard layer with increas
field.1,15 Since the hard layers are in general thicker than
domain-wall width within the hard layer, the hard layer r
verses by propagation of the domain wall from the interfa
with the soft layer down through the film. In the case
SmCo hard layers, the epitaxial crystalline structure co
bined with the uniaxial in-plane anisotropy gives rise to lit
domain-wall pinning normal to the film. Modeling of th
magnetization reversal suggests that once the domain wa
nucleated in the SmCo layer it propagates through the
and switches the hard layer. For FePt/NiFe, the films
textured with an isotropic magnetic structure. Once the N
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11 698 PRB 62HELLWIG, KORTRIGHT, TAKANO, AND FULLERTON
layer nucleates a domain wall into the FePt layer, it is pinn
within the FePt layer. Higher applied fields are then requi
to propagate the domain wall through the FePt film. Th
the FePt/NiFe samples are not fully reversed until fields n
the coercive field of the isolated FePt layers~;10 kOe! are
applied and the domain walls are completely swept out of
FePt layer. This suggests that the one-dimensional mode
that was effective in understanding of the SmCo/Fe sys
will not be sufficient to describe an exchange spring fil
with a more complicated microstructure.

In conclusion, we have studied the magnetic switch
behavior of exchange-coupled Fe55Pt45/Ni80Fe20 films. Mag-
netometry measurements exhibit the loop shapes charac
tic of the exchange coupling between hard and soft magn
phases; a reversible switching of the soft layer at low fie
and an irreversible switching of the hard layer at high
fields. The resonant soft x-ray magneto-optical Kerr effec
conjunction with ultrathin Co marker layers provided an
gn
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fective means to resolve reversal behavior in depth in th
structures, and suggest that these techniques will be usef
study other layered magnetic structures. Co layers either
posited on top of the soft magnetic NiFe film determined t
reversal is nucleated at the surface of the soft layer, as
pected. Kerr loops from Co layers at the FePt-NiFe interfa
reveal that the reversible twist in the soft layer is not pinn
rigidly at the interface but rather propagates significantly in
the hard magnetic layer. As a consequence the revers
magnetization is not only stored in the soft layer, as of
assumed.
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