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Magnetization reversal in exchange-spring magnet films has been investigated by a first-order
reversal curvéFORQ) technique and vector magnetometry. In Fe/epitaxial-SmCo films, the reversal
proceeds by a reversible rotation of the Fe soft layer, followed by an irreversible switching of the
SmCo hard layer. The switching fields are clearly manifested by separate steps in both longitudinal
and transverse hysteresis loops, as well as sharp boundaries in the FORC distribution. In FeNi/
polycrystalline-FePt films, particularly with thin FeNi, the switching fields are masked by the
smooth and step-free major loop. However, the FORC diagram still displays a distinct onset of
irreversible switching and transverse hysteresis loops exhibit a pair of peaks, whose amplitude is
larger than the maximum possible contribution from the FeNi layer alone. This suggests that the
FeNi and FePt layers reverse in a continuous process via a vertical spiral. The successive versus
continuous rotation of the soft/hard layer system is primarily due to the different crystal structure of
the hard layer, which results in different anisotropies.2@05 American Institute of Physics
[DOI: 10.1063/1.1954898

Exchange-spring magnets are an important class of artiverse simultaneously, by a predominantly irreversible mag-
ficially structured materials, initially proposed for permanentnetization rotation, forming a spiral. The chirality of such a
magnet application§> Their magnetization reversal pro- spiral is preserved well beyond the apparent saturation of the
cesses are fascinatihgand important, such as for thermally hard layer.
assisted magnetic recording applicatié?nﬁ'.he basic struc- Samples of Fe/SmCo and FeNi/FePt were grown by dc
ture consists of a magnetically hard/soft bilayer, which hasmagnetron sputtering. For Fe/SmCo samples, k4O
been extended to multilayerand nanocomposité struc-  substrates were used with an epitaxial 200 A2¢1) buffer
tures. Furthermore, the constituent compositions and grovvt[g,yer_ A 200 A SmCo layer was then deposited at a substrate
parameters can be varied to tune the magnetic properties. Ffmperature of 600 °C with a nominal composition of
example, the switching fields of the soft and hard layers ar&m,co,, co-sputtered from elemental targélsinally, a Fe
measures of the interlayer coupling strength and the overaLLWer was deposited at 300—400 °C with thickness values in
film anisotropy, crucial for applications. In epitaxial bilayer 4 range of 25—200 A and capped with a 50 A Cr layer. For
spring mag.nets, the swit(_:hing fields of in_dividual '?‘yers CaNEeNi/FePt samples, glass substrates with a 15 A Pt seed
be conventionally determined from steps in the major Io‘bps.Iayer were used. A 200 A EePys layer was co-sputtered

However, in polyqrystalline samples_, particularly with a thin Hom elemental targets at 420 °C. AdyFey, layer was then
soft layer, the major loop does not display any clear step ansputtered from an alloy target at 150 °C with a thickness in

the determination of switching fields becomes difficuit. the range of 50—800 A, and finally capped with Pt.

In this work, we examine the effect of the hard layer - X
crystallinity and anisotropy on the magnetization reversal. Structural chargcterlgatlons of the films have been car-
processes using a first-order reversal cui#®RQ method ried out by x-ray diffraction. For_Fe/SmCo films, the hard
and vector magnetometry. We show that even for films withphase of SmCo is an epitaxigl100) layer, with a strong
step-free major loops, the switching fields cancpmntita-  in-plane uniaxial anisotropy along itsaxis. For FeNi/FePt
tively determined from the FORC distribution which pro- films, the FePt hard layer is in the highly anisotropicyL1
vides direct access to irreversible switching processes. Fqrhase. It is polycrystalline with &111) texture. Additional
Felepitaxial-SmCo samples, the Fe layer reverses its magnstructural characteristics of the sample can be found in prior
tization first via a reversible magnetization rotation, followed publications®®*34
by an abrupt and irreversible SmCo switching. For FeNi/  Magnetic properties have been measured using an alter-
polycrystalline-FePt samples, the FeNi and FePt layers renating gradient magnetometéhGM) and a vector coil vi-

brating sample magnetometé/SM) at room temperature.

Als0 at: BESSY GmbH, 12489 Berlin, Germany. For the Fe/SmCo series, the magnetic field is applied paral-
PElectronic mail: kailiu@ucdavis.edu lel to the in-plane magnetic easy axis of the SmCo hard
0003-6951/2005/86(26)/262503/3/$22.50 86, 262503-1 © 2005 American Institute of Physics
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I FIG. 2. Longitudinal(solid circles and transverséopen circleg hysteresis
loops of (a) Fe (100 A)/SmCo (200 A), and (b) FeNi (100 A)/FePt
i \ (200 A). Saturation magnetization of the soft layers is marked by the dashed
2101 23 lines. (c) and (d), the projection ofp along Hg (open squargsand DCD
H (kOe) remenance curvéclosed squargsare shown to illustrate the onset of irre-
versible switching during the decreasing-field sweep.
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FIG. 1. (Color) Families of first-order reversal curves for films @ Fe

(100 A)/SmCo(200 A) and(c) FeNi(100 A)/FePt(200 A) film, where the

first point of each reversal curve is shown by a black dot. Contour plots ofaround -7.8 kOgLine 2). This irreversibility onset coin-

e o e o e e o ety €1es Wt the SmCo hard [ayer switching seen in the mejor

[(@ and (E‘))] and[(c) and(d)] to illustrateRthe differentpreversal stages. |09p [Fig. 1(@), Point 3. Finally, _beyond HR,< ~10 kOe
(Line 3), the sample reaches negative saturation and any fur-
ther field sweep would overlap and trace back up along the

layer, whereas for the FeNi/FePt series it is applied in-plan@erimeter of the major loop. The FORC distribution then

with an arbitrary orientation. returns back to the=0 plane®

The AGM is used to measure a large numbet(?) of For the FeNi/FePt samples, the major loops are dis-
FORCs in the following manner. After saturation, the mag-tinctly different from the Fe/SmCo series since we observe
netizationM is measured starting from a reversal figlg,  at bestone sharp magnetization drop during a field sweep,
back to positive saturation, tracing out a FORC. A family of corresponding to the onset of rever¥as the FeNi layer
FORCs is measured at differerg, with equal field spacing, thickness decreases, this onset becomes more gradual as the
thus filling the interior of the major hysteresis loppigs.  soft layer couples more strongly onto the hard layer. For
1@ and Xc)]. A FORC distribution is defined by a example, the major loop of a FeNL100 A)/FePt (200 A)
mixed second-order derivatiVQj(HR,H)E-%&ZM(HR,H)/ film no longer has any sudden magnetization dféjy.
dHgdH,”> " which eliminates the purely reversible compo- 1(c)]. Over most of the reversal field rangdg<-1.2 kOe
nents of the magnetizatidf. Thus, any nonzergp corre-  [Point 1 in Fig. 1c)], the adjacent FORCs do not overlap.
sponds tdrreversibleswitching processes.For each FORC ~ They fill the interior of the major loop rather evenly, indicat-
in Fig. 1(a) with a specific reversal fielt, the magnetiza- ing irreversible switching during the entire reversal. The cor-
tion M is measured with increasing applied fi¢dd the cor-  responding FORC distribution shows only a single onset of
responding FORC distributiop in Fig. 1(b) is represented irreversibility aroundHg=-1.2 kOe[Line 1 in Fig. 1d)].
by a horizontal line scan at th&tr alongH. For example, This implies that the hard and soft layers switch together,
three line scans corresponding to the reference points in Figinlike the Fe/SmCo series where the soft layer reverses
1(a) are represented by dashed lines in Figo)1As Hy ~ much earlier than the hard layer. Interestingly, the FORC
decreases and the family of FORCs is measupeds  distribution, and thus irreversible switching, persists gy
scanned in a “top-down” fashion in theH- <-1.2 kOe, even beyontHzr<-10 kOe where the major
Hg plane, mapping out the irreversible processes. loop appears saturated.

For the Fe/epitaxial-SmCo samples, the major loops The onset and endpoint of irreversible switching can be
clearly displaytwo separate stages of reversal. For exampleyviewed more readily from the projection of the FORC distri-
in Fe (100 A)/SmCo(200 A), a sudden decrease in magne- bution p onto theHg axis. Such a projection is equivalent to
tization around -2.5 kOFreference Point 1 in Fig.(®] cor-  integratingp alongH, leading tof(#M(Hg,H)/dHgdH)dH
responds to the onset of the soft Fe layer reversal. AEdM(Hg)/dHg, which also characterizes the switching field
-7.8 kOe(Point 2, a precipitous drop in magnetization in- distribution (SFD). Conventionally, the SFD information is
dicates the sudden switching of the hard SmCo layer. Finallyletermined from the dc-demagnetizati@dCD) remanence
the reversal is completed at around —-10 k@eint 3. We  curve?*?! by taking the full width at half maximum of the
notice that the FORCs nearly always overlap between PointdM,(Hg)/dHg curve, whereM(Hg) is the zero-field magne-

1 and 2, but are well separated between Points 2 and 3ization along a FORC with reversal fieldg. Thus, the
confirming the corresponding reversible and irreversibleFORC projection and the DCD methods are sinfifaFor
switching within those field ranges. comparison, DCD remanence curves were extracted from the

In the resulting contour plot of the FORC distribution, FORC data and their derivatives were calculated. The SFD
for —2.5<Hg<-7.8 kOg[Lines 1 and 2 in Fig. (b)], there  determined from DCD agrees fairly well with that from the
is no appreciable feature, consistent with the reversiblé=ORC projection method, as shown in Fig$c)2and Zd).
switching of the soft Fe layer. However, there is a clear andHowever, there could be subtle differend€sy. 2(d)] since

sudden onset of FORC featumherep becomes nonzey@at  the DCD method only references the remanent state, whereas
Downloaded 22 Jun 2005 to 169.237.215.179. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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the FORC method follows irreversible switching along the In conclusion, we havejuantitatively determined the
entire reversal curve up to positive saturation. switching fields of Fe/SmCo and FeNi/FePt and the effect
In order to distinguish magnetization rotation versusof hard layer crystallinity using a FORC method and vector
domain-wall nucleation and motion, we have used vectomagnetometry. In epitaxial Fe-SmCo films with well defined
coil VSM to measure magnetization components paralleln-plane uniaxial anisotropy of SmCo, magnetization rever-
(longitudinal,M) and perpendiculaftransverseM | ) to the  sal is initiated by a reversible rotation of the Fe soft layer,
applied field during a field cycle. RepresentatMgandM ;  followed by an abrupt and irreversible switching of the
loops for Fe/SmCo are shown in Figa BroadM, peaks SmCo hard layer. The rotation of the Fe soft layer is inver-
(or step$ with large amplitudes have been observed, whichsion symmetric relative to zero field. In FeNi/polycrystalline-
can be attributed to unidirectional rotation of the momentsFept films with random in-plane anisotropy of FePt, magne-
during reversal. The onset d¥l, peak along each field tization reversal is predominantly by irreversible continuous
sweep direction coincides with the initial drop b, or the  rotation of the bilayer. The rotation of the bilayer is mirror
start of the soft layer rotation. The maximuvh, is compa-  symmetric relative to zero field as the domain-wall chirality

rable to the saturation magnetization of the Fe soft layejs preserved in the random anisotropy hard layer well beyond
[shown by dashed lines in Fig(&], indicating that most of  the apparent saturation.

the Fe moments have rotated prior to the abrupt switching of

the hard layer. Furthermore, thd, peaks in Fe/SmCo This work was supported by the NSEAR-0216346,
samples occur on opposite sides of the longitudinal figld  DOE (BES-MS Contract No. W-31-109-ENG-g8nd Uni-
verted relative to the origin during descending and versity of California(CLE). The authors thank C. P. Pike, K.
ascending-field sweeps. This is due to an imperfect alignk. Verosub, R. T. Scalettar, G. Acton, A. Roth, and A. Berger
ment of the SmCo uniaxial easy axis with the applied field.for helpful discussions.
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