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We have studied the magnetic switching behavior of exchange-coupigBtisENigFe, films. On top of
magnetically hard RgPts 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-A 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 Cedge 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.

[. INTRODUCTION magnetic bilayers and multilayers as model exchange-spring
magnets:® Hard/soft magnetic bilayers have also been re-
In order to create high performance permanent magnetsently studied because they allow one to control and manipu-
for future applications in magnetic technology it is of greatlate domain-wall structures in ferromagnetic fifffsand for
interest to optimize the maximum energy produBH) ..,  potential applications in magnetic devices.
twice the maximum magnetostatic energy available from a In this paper we present the magnetic switching behavior
magnet of optimal shape. It is well known th&H) . in-  Of exchange-coupled EgPys/NiggFe,, bilayers. FePt in the
creases with the coercive field, as well as with the satu- L1, phase has been proposed as a hard-magnet material for
ration magnetizatioM ;. However, for materials with high high-energy product exchange-spring magfierst we
H. values(H>2mM.,) the theoretical value for the energy priefly dispuss the p_roperties of thg mggnetically_ har(_j FePt
product is limited only byM.,. In this case one obtains films, which we opt|m|zeq to obtain .h|gh.coerC|ve _flelds.
(BH),=(27M,)2. Maximizing the energy product re- Sybsequently, we deposited soft NiFe films of d.|fferent
quires identifying materials with a highlg, and sufficient thicknesses on top of the FePt to fqrm e_xchan_ge-_sprlng mag-
. . . . net structures. For a more detailed investigation of the
anisotropy to maintaitd .>27Mg,. A high Curie tempera- Lo . . .
. . . o switching behavior, we studied samples with 20-A Co layers,
ture T, is also required for most technical applications. Un-

. . _ either deposited on top of the soft NiFe film or at the FePt/
fortunately these conditions are not easily met from single

NiFe interface. Resonant soft x-ray magneto-optical Kerr ef-

phase materials. On the basis of these limitations, Knellefoot measurements performed at the ICedge allow us to

and Hawig proposed an alternative approach to optimizeysa the Co layer as a local probe of the reversal process,
(BH)max by combining a hard magnetic phase with a highgjnce these layers are reasonably assumed to be a small per-
H¢ with a soft magnetic phase with hidf,in @ nanocom-  tyrbation to the overall properties of the exchange spring
posite geometry. Such exchange-coupled systems are callggstem. We will discuss the switching mechanism of the sys-
exchange-hardened or exchange-spring magnets. The hafgm with respect to reversible and irreversible properties.
magnetic phase provides the high anisotropy and stabilizesomparison with the recently studied SmCo/Fe system
the soft magnetic layer via exchange coupling at the internighlights the individual variations in the exchange-spring

face. The term exchange-spring refers to the reversible dgyehavior for different materials and microstructures.
magnetization curves that are often observed in these struc-

tures. The soft phase is pinned at the interface, while the

center of the _soft. phase can.rot_ate With a reverse field. The Il EXPERIMENTAL PROCEDURES

angle of rotation increases with increasing distance from the

hard layer, as in a Bloch wall, and will rotate back in align- The single FePt films as well as the FePt/NiFe bilayers

ment with the hard phase when the applied field is reducedvere grown by magnetron sputtering onto glass substrates
This is shown schematically in Fig. 1. Interest in such matewith a 15-A Pt seed layéf:!! The hard-magnetic EePt;s

rials has led to research into exchange-coupled hard/sofims are cosputtered from elemental targets allowing the
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FIG. 1. The spin structure commonly associated with an &
exchange-spring magnet; a reversible twisting of the soft layer in a
reverse field pinned at the interface of the hard layer.

0.4

composition to be controlled. The Ar sputtering pressure was 1.0
10 mTorr and the substrate temperature maintained at
420 °C. For this study the FePt layer thickness was kept con-
stant at 200 A. The samples were then cooled to 150 °C prior
to the deposition of the NiFe, layers to avoid a chemical
reaction with the hard layers. The NiFe layers were sputtered
from an alloy target in 3 mTorr of Ar and range in thickness
from 100 to 800 A. 20-A thick Co marker layers were de-
posited at different depths within the NiFe layer under the
same conditions. Below we discuss the results for the Co
layers either at the FePt-NiFe interface or on top of the NiFe
layer. All films are capped with Pt to prevent oxidation.

We studied the magnetic properties by the visible
magneto-optical Kerr effedMOKE) and with a supercon-
ducting quantum interference device. Major and remanent
magnetic hysteresis loops were measured to gain information
about the reversible and irreversible magnetization parts of 0.4
the exchange-spring system. The Co hysteresis loops were = T L ]
measured by resonant soft x-ray magneto-optical Kerr effect
(XMOKE) at the Advanced Light Source at Lawrence Ber- _
keley National Laboratory. Both the rotation and intensity of 0.4
linearly polarized x rays incident at 7—8° from grazing were
measured in a longitudinal fiefd™** The XMOKE rotation i
signal measures changes in longitudinal magnetization, while -1, Qe ’ , ‘
the intensity signal measures changes in net transverse mag- -4000 -2000 0 2000 4000
netization that may be present in certain reversal mecha- applied field (Oe)
nisms, such as coherent rotation. Sensitivity to just the Co
layers is obtained by tuning to the Cg edge and using a
tunable linear polarizer for rotation measurements. This ele- FIG. 2. Hysteresis loops for FePt/NiFe exchange-spring films
ment specificity allows selective probing of the magnetic re-with 200-A FePt layers and increasing FeNi thickness values as
sponse of both the top of the NiFe layer as well as the NiFegiven in each panel.

FePt interface by measuring the Co response of marker

0.4

M/M,

L 4

M/M

layers located at these positions. X-ray diffraction confirms a(111) texture of the high-
anisotropyL 1, phase of FePt.
IIl. RESULTS AND DISCUSSION Magnetization loops for selected FePt/NiBe(bilayer

structures are shown in Fig. 2. The loops exhibit a continu-
For the FePt single layers we found that a ratio of 55 at. %ous change with increasiridrom a shape similar to the FePt
Fe and 45 at. % Pt results in the highekt values. Typical film for t=100A to loops typical of an exchange-coupled
200-A FePt films have 10-kOe coercive fields at room tem-bilayer systent®!® The coercive fields of the composite
perature, in agreement with the finding of Refs. 10 and 11films drop systematically with increasingfrom about 1.8
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and remanent loofffilled circles for the exchange-coupled FePt/
FIG. 3. Major loop(solid line) and remanent looffilled circles NiFe bilayer film shown in Fig. 4. The arrows indicate the direction
for an uncoupled FePt single lay@op panel and for an exchange- of the field sweep for the major and minor loops.
coupled FePt/NiFe bilayer filntbottom panel
given reverse field. The irreversible magnetization change
kOe for the t=100A layer down to~100 Oe fort AM,,(H) is given by the difference between the remanent
=800A. For the thicker NiFe layers, the films nucleate re-magnetization for a reverse fielland the remanent magne-
versal at low fields and then asymptotically approach saturdization after saturating the sample. For a single FePt film,
tion with increasing field. This behavior is associated with athe remanent loop closely mimics the major loop with a 10%
twisting of the soft layer as shown in Fig. 1. The nucleationdifference between thel. and the remanent coercivityl .,
field Hy is the field that introduces the twist into the soft where the remnant loop crosses zero.
layer and corresponds to the sharp drop in magnetization For the exchange-spring sample, the twisting behavior is
during reversal. This field was determined analytically byreversible resulting in a large difference between the rema-
Goto et al* assuming an infinitely rigid hard layer as given nent curve and the major loop and betwégnandH,,. The
by reversible properties of the NiFe layer are shown explicitly
in Fig. 4 where we plot a minor loop for a field larger than
Hy=m?Ag/2M 4t2, (1)  the coercive field. As the field is removed the remanent mag-
netization is nearly completely regained. Irreversible switch-
where Ag is the atomic exchange within the soft lay@f  ing occurs at higher fields and is characterized by the rema-
order 10 ® erg/cm) andV g andtg are the saturation magne- ment coervcitiy Hy, is the field where half the sample has
tization and thickness of the soft layer, respectively. Micro-irreversibly switchedl Irreversible switching is usually asso-
magnetic calculations including finite anisotropy of the hardciated with the reversal of the hard magnetic layer. A feature
layer find thatH, scales agg™ " for thicker soft layers!  of the FePt/NiFe system that differs from some other
This scaling with soft layer thickness gives a reasonable deexchange-spring systemg®is the smooth approach of the
scription of the nucleation fields for the present samples. saturation magnetization rather than a sudden switching into
One characteristic of exchange-spring films is that thehe saturated state. It is not possible to define a switching
twisting behavior of the soft film should be reversible for field for the hard layer from the major loop but it can be
fields below those required to switch the hard layer. We exestimated from the remanent coercivity.,. Thus, for
plored this in more detail for a 500-A NiFe bilayer film. thicker NiFe layers the coercivitil, is dominated by the
Shown in Fig. 3 are the major hysteresis loop and the remaeversible behavior of the NiFe layer akl, is characteristic
nent loop for the FePt films and the 500-A NiFe sample fromof the irreversible behavior of the FePt layer. There is, how-
Fig. 2. We measured the remanent loop by first saturating iever, some irreversible magnetization loss for all fields above
a negative field and then measuring the remanent magnetizét .
tion after applying increasingly positive fields. The revers- In order to probe the magnetic switching behavior of the
ible change in magnetizatioaM . (H) is given by the dif- exchange-spring system and in particular to study the inter-
ference between the remanent loop and the major loop for tacial region between the hard and soft layers, we added Co
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1.0f T T i For the interface Co laydiFig. 5(b) bottom] the noise in
NP D Ca tayer ) the x-ray MOKE measurement is higher since the x-ray in-
- ~ tensity at the marker layer is reduced by roughly 20 times by
0.4~ (@) ] absorption in the NiFe. Nevertheless, the statistics are suffi-
- complete film 1 cient to explore the reversal of the interfacial Co layer. It
displays a loop that looks very similar to the major loop of
the total bilayer system. The coercive field is slightly larger,
0.4 complete film ] but the nucleation field and the general shape are nearly
in ,emanen.ce.: identical. As the interfacial Co layer reflects the reversal
A0 N qesee s 0 *° ] properties of the top of the FePt lay&rthese results show
: : ' * * ! ; that the hard layer starts reversal at the nucleation field of the
-2000 -1000 0 1000 2000 soft layer. This implies that reversible magnetization is
stored not only in the soft layer but also in the hard layer. In
fact, the interfacial layer is nearly completely switched in the
reversible regimeH <H,,). This behavior of the hard mag-
netic layer is contrary to simple models that suppose a twist
primarily in the soft layer and a rigid structure in the hard
layer as implied in Fig. 1 and explicitly assumed in deriving
Eqg. (1). The FePt/NiFe system shows significant deviation
from this model. Such a reversible perturbation of the hard
& complete film - layer had been inferred from magnetization curves of
in remanence SmCo/Fe and SmCo/NiFe bilayérs'® In these cases, the
magnetization is fitted to a one-dimensional model to sepa-
) ‘ ‘ ‘ K rate the behavior of the hard and soft phases. In the present
-8000 24000 0 4000 8000 case, by exploiting the element specificity of the XMOKE
applied field (Oe) technique we were able to observg directly the interfacigl
response. As can be seen, for low fields the exchange-spring
propagates into the hard magnetic layer demonstrating that
FIG. 5. (a) Top panel: Element-sensitive Kerr rotation loop for the hard phase possesses a significant portion of the revers-
the 20-A Co layer on top of the 500-A NiF¢hin line) compared  jp|e magnetization.
with the major(thick line) and remanent loofzircles of the bilayer As mentioned above, the FePt/NiFe samples exhibit an
structure(b) Bottom panel: EIe.m.ent-sens.itiv.e Kerr loop for thg Co asymptotic approach to saturation. In the SmCo/Fe sy%ﬁem,
iﬁﬁekzt-;?ﬁh?fﬂdﬁﬁg)ﬂ gzgpgxgézt;rfﬁigi:gg C;rqﬁzr%ﬂawg? there was strong irreversible drop in magnetization at higher
structurje y fields |nd|(_:at|n_g t_he §udden switching of th_e hard layer. Such
' a feature is missing in the loop of the FeNi/FePt bilayer. The
hard phase seems to switch continuously with increasing ex-
interlayers to a set of samples having a 500 A thick NiFeternal field rather than at a defined value. The origin for this
layer. The Co layers act as marker layers to probe the localifferent switching behavior can be found by considering the
response of the system. A Co layer at the surface of the NiFmicrostructure of the hard magnetic layers. The SmCo hard
layer reflects the properties of the top part of the soft layerlayers were epitaxially grown onto single-crystalline
while the Co layer at the NiFe-FePt interface determines thé1gO(110) substrates resulting in the SmCo films having a
reversal behavior near the interface and provides insight intavell-defined uniaxial in-plane anisotropy. The current FePt
the hard layer. The element-specific Co hysteresis loops ugims are(111) textured. Since the FePt easy axis is along the
ing the Kerr rotation signal are compared to the magnetome001) axis of the ordered FePt the local easy axis lies at an
ter loops in Fig. 5. We measured both major loops and minoangle with the film normal with a random in-plane distribu-
loops. The top panel of Fig. 5 shows a minor loop for thetion. The magnetic properties of FePt films are nearly isotro-
structure with Co on top of the NiFe. The Co layer exhibits apic for the fields applied parallel or perpendicular to the sur-
square loop at the nucleation field for the total structureface. In the exchange-spring structure the soft layer nucleates
Thus when the twist structure is introduced into the 500-Areversal of the hard. The domain wall in the soft layer propa-
NiFe layer, surface spins completely reverse and a domaigates into, and switches the hard layer with increasing
wall forms within the bilayer. Additional information can be field.!** Since the hard layers are in general thicker than the
obtained from the Kerr intensity. For this sample the Kerrdomain-wall width within the hard layer, the hard layer re-
intensity signalnot shown exhibits a feature in the reversal verses by propagation of the domain wall from the interface
region indicating that a net transverse moment exists duringvith the soft layer down through the film. In the case of
reversal. This is also consistent with coherent rotation, buSmCo hard layers, the epitaxial crystalline structure com-
not with a mechanism involving randomly oriented domains.bined with the uniaxial in-plane anisotropy gives rise to little
Hysteresis effects are small, so that the minor loop is nearlgomain-wall pinning normal to the film. Modeling of the
reversible(as long as the hard layer is not switchegsulting ~ magnetization reversal suggests that once the domain wall is
in a biased minor loop for the top Co layer. The loop bias isnucleated in the SmCo layer it propagates through the film
determined by the nucleation field for reversal and can band switches the hard layer. For FePt/NiFe, the films are
estimated from Eq(1). textured with an isotropic magnetic structure. Once the NiFe
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layer nucleates a domain wall into the FePt layer, it is pinnedective means to resolve reversal behavior in depth in these
within the FePt layer. Higher applied fields are then requiredstructures, and suggest that these techniques will be useful to
to propagate the domain wall through the FePt film. Thusstudy other layered magnetic structures. Co layers either de-
the FePt/NiFe samples are not fully reversed until fields neaposited on top of the soft magnetic NiFe film determined that
the coercive field of the isolated FePt layérsl0 kOe are  reversal is nucleated at the surface of the soft layer, as ex-
applied and the domain walls are completely swept out of the@ected. Kerr loops from Co layers at the FePt-NiFe interface
FePt layer. This suggests that the one-dimensional modelingveal that the reversible twist in the soft layer is not pinned
that was effective in understanding of the SmCo/Fe systemgidly at the interface but rather propagates significantly into
will not be sufficient to describe an exchange spring filmsthe hard magnetic layer. As a consequence the reversible
with a more complicated microstructure. magnetization is not only stored in the soft layer, as often
In conclusion, we have studied the magnetic switchingassumed.
behavior of exchange-coupleddg@t,s/NiggFey, films. Mag-
r)etometry measurements_, exhibit the loop shapes character_ls- ACKNOWLEDGMENTS
tic of the exchange coupling between hard and soft magnetic
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