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ABSTRACT

.Element-specific magnetic hysteresis measmements on hetemmagnedc materials have been achieved by using
circularly polarized soft-x-rays. Dramatically different Fe and Co hysteresis curves of Fe/Cu/Co trilayets were obtainedby.
recording the magnetic circular dichroism(MCD) at their respectiveL3 white lines as a function of applied magnetic field.
The data resolve the complicated hysteresis cm-v_, observed by conventional magnetometry,and deterrmnethe individual
magnetic _oments for the Fe and Co layers. Fine hysteresis features, imperceptible in the conventional curve$, were also

ohsrJ_i, demonstratinga new appfication of citctflarlypolarized soft-x-rays in the investigation of magnetic s3_ems.

INTRODUCTION

Recentadvancesincinnllarlypo'mrizedsy_ radiationinthesoft-x-rayspectralregion have pruvided new
opportunities in magnethanresearch.I Severalsoa-x-ray magnetic elmd_ dichroism (MCD) _ents have been
conducted, demo_ n powerfifl new technique for studying magnetic materials.l'_ .Asa continuing effort to explore
the applications of circularly polarized soft-x-rays, we have recmttlyembarked on the development of element_c
magnetic hystere_ me_.qn'emer_on heteromagnctic systems.

The most fundamental characterizationof a magnetic material is its magnetization as a function of applied field.
This yields not only the magnetic moment, but also provides valuable informationon the magnetic anisotmpy and coupling
between the magnetic elements of the material.6 From the hystmesis of the measmeme_ one can extract important
secondary pro[g_es, such as the coercive field and _e remnant magnetization, which depend upon details of domain
formationand reversal.6 Until now, all magnetic hysteresis era'yeshave beenobtainedby techniqueswhich probe the overall

- magnetic behavior of the sample, such as in various magnetometries,6 magneto=optical Kerr eA_ect,7"9and spin-polarized
photoemission measurements,i°41 For magnetic systems containing more than one magnetically active element, i.e.
heteromagnetic systems, element specific magnetic hysteresis measurements should provide novel information that is
unobtainable by these conventional hysteresis measurements.

In this paper, the expenmental results of the FedCu/Co magnetic multilayer system are presented to demonstrate the
feasibility of, and the procedure for, element_c magnetic hysteresis measurements. The applications of these
measurements in magnetism research are briefly discussed.

EXPERIMENTAL SETUP

The measurements were conducted at the AT&T Bell Laboratories Dragon beaniline at the National Synchrotron
Light Source. 12 The monochromator set up for soft-x-my magnetic circular dichroism measurements has been described
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previously. I.t2 The photon energy resolution was set at 0.4 eV, and the degree of_ polarization was set at 77% to
the circulardichroismsignaI4o-noiseratio._2The hysten:sismeasurementswereperform_usinga co_

liqu/d-n/trogen-cooled, UHV compatible electromagnet which can be scanned using a computer-controlled bi-polar current
power supply. For these _ts, the magnetic field was parallel to the sample surface as depicted in Fig. I. The
angle of the incident beam (labeled as hv in Fig. I) is fixed at 45 ° with respect to the surface normal, and the absorption

spa:ua were recorded by mon/toring the soft-x-ray fluorescence yield (labeled as hv' in Fig. I) with a high sens/tiv/ty 7-
element _ detector. The use of the fluorescence yield method is essential for measuring the MCD spectra in an
applied field, and because its large probing depth, -1000A, allows the investigation ofbur/ed layers.

To demonstrate the essential features of element specific magnetic hysteresis measurements, two Fe/Cu/Co trilayer
structures s_ere grown by evaporation onto glass substrates held at elevated temperatures. The elemental atonuc
concentrations present in the two trilayer films were dctermined by hard-x-ray fluorescence to correspond to film thickness
ofFe(102A)/CuOOA)/C_5 IA), to be referred to as the _icJc Fe/Cu/Co it/layer sample, and Fe(53A)/Cu(30A)/Co(64A), to

be referred to as the thin Fc/Cu/Co trilayer sample. Both samples were capped with an additional 40./[ _ layer to protect
them from oxidation

Happtied

Cu (4oR)
Fig. 1. Geometric arrangement for element-specific

magnetic hysteresis measurements, hv, hv', and

Cu (30 20 Happlie d stand for incident circularly polarized soil-
x-ray beam, soft-x-ray fluorescence yield, and the
applied magnetic field, respectively.

Glass Substrate

MAGNETIC CIRCULAR DICHROISM MEASUREMENTS

Prior to element specific magnetic hysteresis measurements, high quality magnetic circular dichroism spectra of each
magnetically active element in the system were required to locate the energy positions of the absorption white lines and to

assess the strength of the MCD signal. Figure 2 shows the Fe and Co L.z_ normalized fluorescence yield soft-x-ray
absorption _ of the thick Fe/Cu/Co trilayer sample. The solid (dashed) lines were taken with the projection of the spin
of the incident photons parallel (anti-parallel) to the spin direction of the majority 3d electrons. These spectra were

measured by alternating between oppositeapplied saturating magnetic fields, -'-0.7 KOc, at each photon energs' while the
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cinmlar polarization gas held constanL Mea.9.nements taken with constant magnetic field and alternating cinmlar
polarization, using the _ configuration of the Dragon beamHne and its fast in-situ photon chopper, have shown

nearly identical spectra.12 The peaks labeled as L3 and L_ in the figures are the 2p_ -, 3d and 2Ptr_ --, 3d sofl-x.cmy
absorption white lines. After being normalized by the incident photon beam intensity, the spectra show virtually no MCD

effect at photon energies below the L3 and well-_bove the L 2 white lines. To help quantify the MCD effect of the L_ white
lines, the vertical scales are labeled such that the baseline and the mean value of the two L3 peak heights are equal to 0 and
50. respectively. In the following discussion, we define MCD and XAS intensities as (Irr-lt_) and (Irt+It_). _y.

where I, and I_¢ are the measured fluorescence yields for parallel and anti-pazalkl electrm_hoton spin alignments.

Correcting for the incomplete circular polarization (77%) and the incident photon angle (45°). the corrected spectra (a

multiplicative factor of l/(0.77xsin450)) show giant L3 MCD to XAS peak height ratios of 35% for Fe and 26% for Co.

l oz)/Cu(3O)/co(s
• -- l I l l I

60 -
_, Fe L,z.3-edges..

•_ 40 - _ ITT -
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_a ,,I , I I [ I
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_: 60-
Q ...,:. Co L2.3-edges Fig. 2. Fe and Co L2,3-edges fluorescence yield x-
,a .:" ray absorption spec_ of the thick Fe/Cu/Co trilayerfa.. :-

'tO - ___ It t _ sample. The solid (dashed) line is taken with thef_

,¢, It: (anti-parallel) to the spin of the majority 3d

a:_ 20 - electrons. L3 and I.,2 indicate the 2P3r2 _ 3d and
CDz 2Pl/2 --, 3d absorption white lines, reslx_vely.

0 - ,I I I I I
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MAGNETIC HYSTERESIS MEASUREMENTS

It has been demons_tcd both experimentally z-_and theoretically t3"14that for a given sample the MCD to XAS ratio
of the white lines of each element in a given site is proportional to the average magnetic moment (i.e. the magnetic
ordering) in that site. Based on this, one would expect to measure element specific magnetic hysteresis curves by recording
the peak height of a given elemental white line as a function of applied magnetic field. The top panel of Fig. 3 shows the

results of such measurements taken wita the photon energies tuned at the Fe and Co Io3 white lines, respectively. The
measured peak heights were plotted relative to their mean value and scaled to span from -1 to +1, i.e. [ 2 1 - (lr_ + lrt) ]/

(I.,.- lt,_), where I stands for the measured intensi.ty at a given applied magnetic field. Hysteresis behavior is clearlv

observed in both curves as expected, but the Fe and Co curves show dramatic differences. While the Fc laver shows a
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square hysteresis loop with a coercive field of 38 Oe and a saturation field of --100 Oe, the Co layer shows a less abrupt
loop with a larger coercive field of 201 O¢ and a satm'ation field of-450 Oe. It was found that, _gatdle_ of the

photon evetgy chce_ the functional form of the meaxttred hy_ereds curves is always nearly identical, as long as them is
sufficient MCD signal to measure with. This implies that the peak height method _ves the same results as the much more
tedious and difficult peak area method.

Fe(tO_)/Cu(aOl)/Co(51k)
_ ' i 1 '" I I .....7'

L_ white lineC.5-

0.0 -

--0.5 - - ""
= Fe

,.-t.O - _- _----- _ _ "
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_- 0.5-
[..

m 0.0
a=

-0.5

-,.o
, 1 I .... I ! ,,, I,.,

I I 1 I l i -

2.0 - - Fig. 3. The top panel shows the Fe and Co I.,3

V_ white line intemitie_ as a function of the applied

0.0. Fe+Co magnetic field for the thick trilayer sample. The

- bottom panel shows the comparison between the

L conventional hy_ curve ob_cd by a vl_ating
sample magnetometer (.solid line; labeled VSM) and

-2.0 - -- .... - - its least-squares-best-fit linear combination of tim Fe
"/ Fe /

. __._ , and Co curves (dashed line; labeled Fe+Co). Also

- shown in the bottom panel are the constituent Fe andN Co
,,9 ES_H _ _ Co element specific magnetic hysteresis (EfiMH)

o.0
¢j"- . ! _ curves of the bext-fit The magnetic moment

- . __ i _ __ j_ here is normalized for a lxl cm 2 thin film.
-2.0 I I ,1 i ,

-0.4 -0.2 0.0 0.2 O.4

MAGNETIC FIELD (KOe)

Although the Fe hysteresis loop is representative of a single film, the fine structure observed at low field in the Co
hysteresis loop clearly demonstrates that the Co film has two distinct components. The onset of this feature corresponds
exactly with the switching of the Fe film, demonstrating that the Fe film and a fraction of the Co film are magnetically
coupled. The most probable cause of this coupling is that the Cu interlayer is not complete, resulting in direct contact
between the Fe and Co films via pinholes through the interlayer Cu film. The strong dipole coupling generated by. the

intimate contact between the Fe film and a small portion of the Co film results in identical switching fields. A similar
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behavior for the element-_c hyster--'=_isloops should be expected ff a limited intear-diffu.don bet_en file Fe and Co had
occurred. For an inter-ciiffused region,the hysteresis curves of the Fe and Co would be identical, as observed in our

measurements of FexCol. x alloy thin films which displayed identical Fe and Co hysteresis curves. Although we can not
completely rule out this possa'bility, the inter_ion is unlikely because the temperature required for it to occur is well
above the low sample grogl.h temperature (170 ° C) used here.

These fine hysteresis features, impercepu'ble in the VSM data but observed in the element-specific measurements,
have important ramifications for understanding other phenomena involving magnetic helemstructures, particularly the
giant magneto-resistance (GMR) effects for which multilayer systems have been used to measure the overall conductivity
difference between magnetically aligned and anti-aligned film structures, tS-lg. For the trilayer illustrated here, we see that a

fraction of the Co film is always aligned with the Fe film, thus reducing the measured GMR effect. These element-specific
measurements serve as an excellent probe for interracial coupling and could play an important role in understanding these
effe_-_sin GMR structures.

To appraise how well the element_c magnetic hysteresis curve represents the magnetic moment of a given
• element, the bottom panel of Fig. 3 shows the comparison between the measured conventional hysteresis curve obtained

using a vibrating sample magnetometer (solid line labeled VSlVl) and its least-squares-best-fit linear combination of the Fe
and Co hysteresis curves (dashed line labeled as Fe+C,o). The fit to the VSM data by the Fe-tff__curve can be obtained by
multiplying the individual Fe and Co curves of the top panel by the total number of Fe and Co atoms and by their
elemental magnetic moments, then summing them. If the total number of Fe and Co atoms is known (in this case,
experimentally determined by hard-x-ray fluorescence), then the fit determines the elemental magnetic moments. Our best-

fit determined average magnetic moments of 2.1i-0.08 th3 per Fe atom and 1.2_.05 tts per Co atom for the thick Fe/Cu/Co
sample, giving saturated total moments of 1.72x10 "3and 0.51xlO -3 emu for the Fe and Co layers, respectively. Also strewn
in the bottom panel are the constituent Fe and CO hysteresis curves of the best-fit, obtained by multiplying these total
moments by their respective curves shown in the top panel. The resulting Fe+Co curve is in excellent agreement with the
VSM curve, proving that the abrupt low field region of the VSM curve measures the switching of the Fe layer, and the more
gradual transition region measures the switching of the Co layer.

To investigate whether this finear combination procedure is appficable to films of different layer thickness, the top
panel of Fig. 4 shows the L3 peak height measurements of the thin Fe/Cu/CO trflayer sample. Except for some minor but
interesting changes, these curves are qualitatively similar to tho_ of the thick sample, a square loop for Fe and a rounded
loop for Co. The bottom panel of Fig. 4 shows the comparison between the VSM and its least-squares-best-fit Fe+Co
curves. Although there are minor discrepancies between the two curves, the overall agreement is very good. The thin

Fe./Cu/Co triLayer r_,ample_s found by VCM to exhibit a signffi_nt in-plane uniaxial magnetic amsotropy, resulting in a
substantial variation in the hysteresis loop with sample azimuthal rotations. These minor discrepancies could be due to a
slight tins-alignment of the m-plane crystalline axis with the applied field direction in the MCD measurements. Our best-fit

determined average magnetic moments of 2.0-_.08 tt8 per Fe atom and 1. I:£0.04 _tB per Co atom for the thin Fe/Cu/Co
sample, giving saturated total moments of O.85xlO "3and 0.57x10 "3emu for the Fe and CO layers, respectively. While the Fe

moments of 2.1 and 2.0 _B determined for these two films are close to the bulk Fe moment of 2.2 _8, the Co moments of

1.2 and 1.1 tt8 are reduced from the bulk Co moment of 1.7 ttB. A similar reduction for the measured Co moment for Co/Cu
superlattices has recently been reported, in which the Co moment was determined to be 1.3-1.4 ttB.z9

• We emphasize that the l_.near combination procedure presented above does not require absolute MCD or XAS
measurements. Only the func'aonal form of each individual hysteresis curve is needed. For heterostructures which have

more than one layer contaimng identical elements, e.g. the Fe\CrWe trilayer system, one could still obtain the functional
form of the hysteresis curve of each layer by measuring the MCD of different magnetic trace elements intentionally doped
into different layers, e.g. Ni for one Fe laver and lvin for the other. The trace element should _'isplay a hysteresis functional

form identical to its parent layer, as demonstraled by our measurements of FexCol. x alloys. In addition, these trace elements
can be selectively placed in differenl regions of the film (e.g. near an inter[ace, at the film center, near the surface) to
momlor the variation of the magnetic direction and moment intensity with position within the film.
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CONCLUSIONS

In conclusion, we have demonstrated the feasibility of element-specific magnetic hysteresis measurem_ts on

heteromagnetic materials. Fe and Co individual hysteresis curves of Fe/Cu/Co trilayers were obtained, using the soft-x-ray '

magnetic circular dichroism technique. A linear combination procedure has been presented to resolve the complicated
conventional hysteresis ctrrve and to determine the average magnetic moment for each individual element. Interesting ,

hysteresis features, imperceptible in conventional measurements, were observed, providing fingerprints of inter-layer
magnetic interactions m this trilayer system. This new technique of element-specific magnetic hysteresis measurements
provides a powerful means for studying heterumagnetic mate6.als, particularly for multilayer systems.
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