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We report a noticeable depth sensitivity of soft x-ray resonant magneto-optical Kerr effect able to
resolve depth-varying magnetic heterostructures in ultrathin multilayer films. For various models of
depth-varying magnetization orientations in an ultrathin Co layer of realistic complex layered
structures, we have calculated the Kerr rotation, ellipticity, intensity spectra versus grazing
incidence anglep, and their hysteresis loops at different valuesgofor various photon energies

hv's near the Co resonance regions. It is found from the simulation results that the Kerr effect has
a much improved depth sensitivity and that its sensitivity varies remarkablydvahdhv in the

vicinity of the resonance regions. These properties originate from a rich variety of wave interference
effects superimposed with noticeable features of the refractive and absorptive optical effects near the
resonance regions. Consequently, these allow us to resolve depth-varying magnetizations and their
reversals varying with depth in a single magnetic layer and allow us to distinguish interface
magnetism from the bulk properties in multilayer films. In this paper, the depth sensitivity of the
Kerr effect with an atomic-scale resolution is demonstrated and discussed in details in several
manners with the help of model simulations for various depth-varying spin configuratio280%®
American Institute of PhysicfDOI: 10.1063/1.1861969

I. INTRODUCTION depth on the atomic-scale levels must thus be identified to
At th ; (i in th h ‘ understand the causes of the overall magnetic properties.
€ core of current ISSues In the research aréa ol mag- o 5 challenge to characterize depth-varying magnetic

netism and magnetic materials are ultrathin films of magnet'%tructures as well as to discriminate an interface contribution

multllayer structur.es as well as th_elr mtngumg magm.at'?from the bulk ones. Recently, soft x-ray resonant Kerr effect
properties associated closely with their charactenstu:rel ing on intensity measurements of reflected waves be-
structures. The reason is such films and their properties are ying ! 'y u . . wav
currently (or in the near futureapplicable to sophisticated comes one Oféfge newly emerging techniques as a depth-
ultrahigh-density information stora@emd other spintronic sensmv_e probe. _One of the great adv_a_nfcages of this spec-
devices® Such multilayer films consist of two or more ultra- troscopic probe Is the_ element _specmcr[y able t(.) resolve
thin layers of different types of nonmagnet, insulator, ferro_separgtely the magnetic properpeg of Oeac'h constituent ele-
magnet (F), antiferromagnet(AF), superconductors, etc. mer.1t.|n multlcomponent magnetic films: Thls.element S€-
Many interesting phenomena in such hybrid structures ariCtiVity is possible due to a large electric dipole transition
relevant to a rich variety of magnetic interactions with theirfrom the spin-orbit split initial states of core electrons to the

multiple length scales, as well as intrinsically modified elec-nighly unoccupied spin-polarized final states in the reso-
tronic structures at interfacéé:® nance edge¥. In addition, the strong resonance features lead
Fundamental magnetic properties, such as the magnitud@ a rich variety of refractive and absorptive optical behav-
and orientation of magnetizations in heteromagnetic struclors and consequently yield a remarkably variable interfer-
tures, can differ in depth and/or from the interface to theence effect in ultrathin films depending on the grazing angle
interior of each constituent lay&f. The overall properties Of incidence(¢) as well as photon enerdfav) in the vicinity
can thus be characterized by magnetic microstructures at i®f the resonance regiofis? These properties can hence pro-
terfaces inherent in the layered structure and/or depthvide a much improved depth sensitivity and its dependence
varying properties in each constituent layer. As the thick-on ¢ and hv into the x-ray resonant magneto-optical Kerr
nesses of the constituent layers approach nanometer scaleeffect (MOKE).
even less, the depth-dependent structures and interface mag- In this paper, soft x-ray resonant MOKE is discussed in
netism become more crucial in determining the overall propdetails in the light of its depth sensitivity as a probe of het-
erties. Details of chemical and magnetic structures varying ireromagnetic structures. This technique has a few advantages
over other spectroscopic tools, such as soft x-ray photoemis-
dauthor to whom correspondence should be addressed; electronic maipion and absorption spectroscopies, which are based on elec-
sangkoog@snu.ac.kr tron yield detection and therefore have a limitee probing
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Incident » Reflected those classical and macroscopic values for an incident wave
s polarization 4 \\ elliptical with a linear polarization in response to a magnetic film,
S standard formalisms typically used in visible wavelengths
are extended into soft x-ray energy regions. The dielectric
tensor that represents optical and magneto-optical character-
istics of a certain magnetic film is thus used to calculate soft

~

x-ray MOKE.
For an arbitrary magnetizatid, the dielectric tensor is
given as?
1 —-iQm, iQm,
shy)=ng iQm, 1 -iQm,|,
—-iQm, iQm, 1

wherem, , , are theM components projected along they, z

axes defined as in Fig. 1 and tliez plane is the scattering
plane. Q is the \Voigt constant andy, is the pure charge
forward scattering, and both are a functiontof. Here, a

FIG. 1. (Color onling A graphical illustration of the longitudinal Kerr ef- first-order approximation is considered fOr The dielectric
fect, where the magnetization orientation lies in the film plane and the scat:

tering plangthey-z plane. For incidents-polarized waves, thé, and 7 of tensor iS_ related to the complex refra:lCtive indeﬂnv): 1
reflected waves are defined in the inset. = 8(hv) +iB(hv)=/e(hv). For left- and right-handed circular

components, their refractive indices are givennathr)=1
depth (below 50 A and some artifacts in the measurement™ 9:(hv) +iB:(hw), and henceQ=2(n,-n.)/(n,+n.). For
under an applied magnetic fieldl.in contrast, soft x-ray calculations of thefi, 7, and Kerr intensityl, of a wave
resonant Kerr effect allows us to resolve depth-varying magreflected from a magnetic sample, the Kerr maRix based
netic structures and propertiesbaried layers and magnetic ©N the linear(s,p) polarization mode of both incident and
structuredocalized at interfacegven undem strong mag-  feflected waves has been widely used as foll&WS:
netic fieldin a relatively straightforward and simple manner. _
Recently, we reported a much improved depth sensitivity of El EL
the Kerr effect in the Co resonance region demonstrated with = = Rsp =
a real sample exhibiting depth-varying magnetization rever- P b
sals in a 35-A-thick Co laye? Here, we report our work
extended into elaborate studies of the depth-resolving capa-
bility of the resonant Kerr effect through various model cal-
culations. Based on simulation results, a large depth sensitiv- Rep= (rss rsp)'
ity of the Kerr effect, its variation withp and hv, and the Mps Tpp
atomic-scale depth selectivity are verified. Moreover, as a _
guide for the studies of magnetic properties via soft x-rayThe reflected and incident electric fielﬂgp) and E'S(p) of an
MOKE, we present many useful MOKE techniques demon-(p) component are related to each other throRgh where
strated from some specific model calculations, which can be, =E!/E. is the reflection coefficient for inciderit) “b”
applied to investigate real, inhomogeneous magnetic films.and reflectedr) “a” polarizations(a, b=s or p). The off-

This paper is organized as follows. Section Il reviewsdiagonal terms lead to the complex Kerr rotation angle by a
theor_etlcal descriptions of MOKE. Section !II presents_cal-_rdation Of Dy = G +i 7 =T s/ s andIK:|Eg|2+|E[,|2. For a
culation results and resonant magneto-optical properties igiven polarized wave of incidence, the varying polarization
the |Ight of a depth Selectivity of the Kerr effect. In Sec. |V, state of a reflected wave can thus be obtained ffon‘de-
possible depth-varying spin structures in realistic samples af@rming 6y, 7., andl, values.
discussed. Finally, Sec. V summarizes this work. To calculate the Co resonant Kerr effect from multilayer
structures, such as NiFe/FeMn/Co/Pd, the numerical values
of Con, are necessary in a broad rangehefcovering the
Co L; andL, edges. In Fig. 2 are shown the experimental

MOKE intrinsically originates from the incorporation of data of Con,, which were obtained fromB, measured
both the differential absorption and refraction of oppositethrough magnetic circular dichroisfMCD) and &, deter-
circular components of waves. These give rise to variousnined from the Kramers—Kronig transformatigKT) of
changes in the polarization state as well as the intensity ahe values of,Bi.17 As for the values of of other elements,
reflected waves depending on the magnitude and orientaticsuch as Fe, Ni, and Pd around the Co absorption edges, tabu-
of a certain magnetic moment, as depicted in Fig. 1. Theated Henke data were used because these values can be well
polarization state is characterized by measurable Kerr rotgpredicted in the nonresonance regions of these individual
tion 6¢ and ellipticity 7« as defined in Fig. 1. To estimate elements?

here

Il. THEORETICAL DESCRIPTIONS OF MOKE
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FIG. 2. (Color online Photon helicity-dependent complex refractive index 107 \/—lo—

of Co (n,=1-4,+iB.). Experimentally measured values @f are Kramer—

Kronig transformed to yield the corresponding valuessof 760 780 800 820 790 L 800 820
Photon energy (eV)
11l. SIMULATION RESULTS FIG. 3. (Color onling Calculations of reflected intensity spectra in the
range of the Cd.; andL, edges as a function @f usings-polarized incident
A. Calculations of Ik, 6y, and 7, spectra x rays. The model structure used is the same as that of a real sample,

Si / Si0,(1500 A)/Ta(50 A)/Nig,Fe (80 A)/FesgMng(200 A)/Ca(35 A)/
I« spectra versus botth andhv in a range of covering Pd15 A) (Ref. 12. (a) presents a surface plot of those values against both
the Col, (778.1 e\)) and L, (793.3 eV edges are calculated ¢ andhv. (b) shows the reflectivity spectra as a functionheffor different

. . . . values of¢ as noted. The calculated intensities(b) are compared with
for the s linear polarization, as shown in FigsiaBand 3b). those shown irfc) measured from the real sampgkee Ref. 12 The inten-

The resultantl, spectra exhibit strong resonance featuressity data are plotted on a logarithmic scale to compare all the spectra for the
around the Cd.; andL, edges. These resonance features ardifferent values ofe.

similar to the dispersive feature éffor lower ¢ but become
The resonance.behavior becomes more complicaied in P 10 @ partial oxdation ncorporated at the Co/Fetn
intermediate range o due to the large contributions of Interface of the real sample during its preparation. The gogq
refractive and absorptive behaviors in the vicinity of the ab_agre.ements bepmeen the. calculated and measured intensities
sorption edgessee Fig. 2 It is known that the refractive and conflrm.that this calculanon_ of the .K.err effegt from model
absorptive parts of the complex refractive index lead to re_magnetlc heterostrugt_ur_es is promisingly reliable to stu_dy/
markable variations of the penetration depth as well as inte/S/a1fy @ depth sensitivity of the resonant MOKE and its
ference effect of propagating waves around the resonancéiations withé andhw.
regions’ For givenhv's, thel, spectra versug show oscil- Figure 4 shows the calculated valuestkfand 7« spec-
latory behaviors, which are associated with the interferencd@ displayed by a surface plot versus bathand hv. As
effect in the layered structure of this model system. The in/nentioned above, strong resonance features are obviously
terference effect superimposed with the strong resonancieen around the Cio; andL, edges and are dependent ¢n
features, which varies witlp and hy, could give rise to a as Well. For clarity, we also replot some spectra vetsufor
depth sensitivity of x-ray resonant MOKE. several different values o, as shown in the middle and
Some of calculatedl, spectra for severap's are com-  bottom panels of Fig. 4. In those spectradef some appear
pared to those spectrEFig. 3(c)] measured from a real to resemble a general shape of MCD speét®, 8.~ 5-),
sample with the same structure as the model structure. Theyhile some in they spectra do that of Faraday rotation
are both in general agreements. The common features b&pectrai.e., 8,—4_). While KKT directly relates the Faraday
tween the two are the resonant features of the reflected irfotation with the MCD spectra for the case of transmitted
tensities around the Clo; andL, edges, resembling the dis- intensity, as revealed in Fig. 3 of Ref. 7, tig and 7«
persive feature of absorptive and refractive optical behaviorsspectra in the case of reflection are not correlated entirely by
In contrast, deep valleys below the Cgedge for¢p=3°, 4°,  the KKT. However, it is interesting that the absorptive and
and 5° in the calculatetl; are somewhat different from the refractive features in those spectra are likely to be related
corresponding experimental spectra. This is likely to be aspartially through the KKT.
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) . FIG. 5. (Color online Top panels ofa) and (b) illustrate model spin con-
FIG. 4. (Color onling Calculated spectra o and s as a function ofp figurations uniformly oriented through the entire Co thickness. Vheri-

and hv in the vicinity of the ColL; and L, edges from the same model entations are denoted s, m,] with each component af, , alongx
structure as that noted in Fig. 3. In these calculations, the Co magnetizatio ; B My P 2 9
y,2) axis. In(a), m, varies as +1, -1, and 0 witm=m,=0. In (b), m,

is assumed to be oriented uniformly through the entire thickness of Co. Ivaries as +1, -1, and 0 with holding,=m,=0. The second row panels
th tt I, th t functi f ! ’ . e .
€ bottom panel, thé and 7 spectra are redrawn as a functionhof for showl andl g, spectra as a function @f at the Col; edge. The third and

several values of as noted. .
¥ the last row panels show the corresponding resultsdgf and 7,
respectively.

Here, we like to stress two things about the resonance
features in thegc and 7 spectra. First, the strong resonant the x-ray resonant MOKE in order to resolve depth-varying
behaviors in those spectra around the Co-spetifiand L, rr}agnenzat_lons in heter_omagnetlc structures, which will be
edges can give rise to enhanced or reduced contraglg in discussed in more details hereafter.
and 7, signals for oppositely oriented magnetization rever-
sals, which offer a large magnetic sensitivity as well as theB. Dependence of Iy, 6k, and 7, on the in-plane M
element specificity under appropriate conditions of the meacomponents
surement. This allows us to resolve magnetization reversals  gjig 15 elucidate how soft x-ray resonant Kerr effect for
of specific elements of interest with its large sensitivity in 5 |inears polarization is sensitive to a magnetization state,
multlc.omponent magnetic samples. Second, the magnitudge present howy, 6y, and 7« spectra versug at the Col,
and sign oftlc and 7 signals vary remarkably with both  edge are sensitive to the in-plane componentdofin the
andhv. This implicates that, depending on which valueghof present study, we focus only on the sensitivity to the sign and
andhv are chosen in the measurements, éheand 7 sig-  magnitude of the longitudinal and transverse components of
nals can be enhanced or diminished or changed even in thail uniformly oriented through the thickness of a magnetic
sense. Thus, much care should be taken when one measufgger. In Fig. %a), three different configurations are illus-
magnetization loops through thé and »¢ signals. This trated with a notion ofm,,m,,m,]. In the left panel, only the
point indicates somewhat a weakness of the x-ray MOKHongitudinalM componenim, varies as +1, -1, and 0 with
techniques as a probe of magnetic structure and propertiesy,=m,=0, while in the right panel only the transverse com-
However, this can be used as one of the great advantages jpbnentm, varies as +1, -1, and 0 wittn,=m,=0. The re-
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sultantly, 6¢, and  spectra versug calculated from each (a) cti®” S2

S ) S S
. . . . 8
configuration are shown in the second, third, and last panels y wzorp
in Fig. 5, respectively. It is found th& spectra are equal for 0% bo
0K

m,=-1 and +1, but different fojm|=1 andm,=0, as con-

28

N

firmed by their asymmetry spectra ofg=(1,—1p)/(I+1p) (g ™33 T | N
shown in the inset. While the resondgtsignal fora linear S s _
s polarizationhas a sensitivity only to the change of the = L - b a
magnitude ofm,, the corresponding and 7 signals are 781 g X B . B
remarkably sensitive to the change in both the size and seng(c) s - &
of m,. In contrast with the longitudinal cask, 6k, and 7k o N 10 qgg
signals for the transverse cases have no any sensitivity t(& 4
changes in the sign and magnitudemf. The remarkable 2 J W 2
sensitivity of g« and 7 to the opposite sense and magnitude ~ "*'"< ~ L. IS o
of m, at the resonance edge allows us to resolve spin struc s ol s “;5 (éigoreef ome s s
tures with respect tan, but the investigation ofm, varia- S4-Si RYY' S5-S2 AT N
tions is hindered for the use sfpolarized incident waves. (@ 7,33L2x7 — - <1
3 2
é 785 10 g
itivi 7784 W - 4\! E s‘ én
C. Depth sensitivity of soft x-ray resonant - - : - Wi
MOKE © 7933 i ‘*‘ H { 0 <
As mentioned earlier, a wide variety of the interference 3 °<°T
effects superimposed with the resonant optical effect car& ™ | Al 2
yield a much improved depth sensitivity of the MOKE. Here LSS ﬁ- " ,\‘! -
we verify the capability of the Kerr effect as a depth- 0 B de 1By 3 ";5 (é;;ee; UL

sensitive probe of magnetic heterogeneity. As demonstrateu
with real samples of a multilayer structure in earlier wiik, FIG. 6. (Color onling (a) Spin configurations in a single Co layer that is
magnetization reversals varying with depth can be resolveahaginarily divided into three different depth regior®) and (c) show
throughd and  sighals by choosing appropriate values of 010t ot o e st okl a1, a9 s o

hy and ¢ Ih thOSQ _measurements'_ To u_nderStand _hOW th%1dividual spin ﬂips(Sz—Sl,Sj—Sz,.S“—Sg,) in the th;eé diﬁgrent reg?gns are
Kerr effect is sensitive to the depth in a given ultrathin layer,aiso shown in(d) and (e), respectively. The values df¢ and Az, for S,

first we consider the calculated values &f and 7k vs hv -S, correspond to those for a simultaneous spin flip through the entire Co
and ¢ from a spin-flip model illustrated in Fig.(8). In this  'aver.

model, the given Co thickness is divided into three different )

regions with an equal thickness. The in-plane longitudinal ~ Taking a closer look at the values a# around the Co
orientations ofM in each imaginary region are assumed tols €dge in a range op=10°~15° the changes of its mag-

be incoherently flipped from one direction to the other oppo-Nitude and sign are noticeably different for the top, middle,
site. This model implies that only the, exists duringv ~ @nd bottom layers spin flips. The zero value for specific
reversals. Here, we consider the depth sensitivity of the resglePth regions implies that the spin flip at the corresponding
nant Kerr effect just for linearls-polarized waves with re- depth cannot be detected from the measurement at the given
spect tom,. Figures 6b) and Gc) show contour plots of the conditions of¢ andhv. The changing values of the magni-
resultant values oy, and 7, respectively, against bothy ~ tude and sign on the-hy plane represent a measure of the
and ¢, calculated from individual spin configurations noted depth sensitivities ofic and 7 signals varying with¢ and
asS, S, S, andS, in Fig. 6a). The contrasts in thé, and ~ h7- _ _

7« values between successive spin structufies., A6y ~Next, to examine the resolution of the found depth sen-
=023, 6202, 626 indicate contrasting\g, for  Sitivity, we calclullateA Ok andAnK. values for |pd|V|duaI spin
individual spin flips from one direction to the other opposite flips of finely divided 17 layers in a 35-A-thick Co layer, as

in the three different regions of top, middle, and bottomShown in Fig. 7. The resultant contrasts for the individual
depths, which are shown in Fig(d. The value ofg%'- 5 regions are quite different and remarkably vary withAs ¢
represents they contrast for simultaneous spin flips in the increases, the depth sensitivity increases significantly. These
three different regions, i.e., the entire Co laygg. contrasts ~ Plots clearly reveal that the different weights of the MOKE
are also shown in Fig.(6), and analogous interpretations can €ffect contributed from individual depths offer a much im-
be made as well. From these calculations, it is evident tharoved depth sensitivity into the resonant MOKE possibly
A6 andA values are changing with depth at which spinsWith an atomic-scale resolution.

are flipped, and these are remarkably changing witand
hv. This indicates that the resonant MOKE has a significan
depth sensitivity varying withp and hv. This sensitivity is
noticeably changing in the vicinity of the Cbs and L, To clarify the depth sensitivity o and 7y signals
edges. found using a spin-flip model, we further consider a graphi-

. A graphical representation of the Kerr vector on
he 6y-nx plane
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FIG. 7. (Color onling Calculated values of 6 andA 7, as a function ofp
for the individual spin flips of 17-layer-divided regions in a single Co layer hoth hy=777.8 and 780 eV represent remarkably changing
g?hm,,:gfgel ;@r;’gé‘:rgefgvf'{ri%gfg (@g Clg(ﬁge?/ PA15 A). Thevalue  \yeight of the depth sensitivity depending @nand hv. _
From those trace curves, one can extract valuable infor-
mation on to what extent each depth contributes to the over-
cal representation of the Kerr vector on the 7« plane. The  all Kerr vector depending o andhv. For example, for the
overall Kerr vector for a given magnetic layer results fromtrace curve ohv=780 eV and$=13°, the horizontal line of
all the MOKE contributions from individual regions being the 11th region(i.e., dA 7 /dA6¢=0) meansA», ~ 0, indi-
divided in the entire thickness, and hence can be expressedting that any spin flip in this region cannot be detected
by the sum of complex Kerr vectors contributed from thethrough », signals. Also, in the same condition the vertical
individual jth regions at the corresponding depths336} line (i.e., dA 7 /dA 6 ~») showsAf~0 so that any spin
+i nJK:EjAje"l’i, whereA is the Kerr amplitude an®; is the  flip in that region cannot be detected usifigsignals. Con-
phase™® Figure 8 shows the individual Kerr vectors as well sequently, tangential lines on the trace curves at given depth
as their sums calculated for differegtvalues athv=777.8  regions, which are varying witlh andhv, are very informa-
and 780 eV. The magnitude and orientation of the individuative to determine which region in a magnetic layer mostly
Kerr vectors on the curved lines indicate the weight of indi-contributes to the overall Kerr effect resulting from the entire
vidual contributions to the overall Kerr vectors denoted bythickness. As seen in Fig. 8, the graphical representation of
the large black arrows. For a givéth region within the Co the traces of individual Kerr vectors is very useful for a
layer, the components of thjén Kerr vector projected on the better understanding of the underlying physics of the depth
6 and 7, axes represent the degree of the sensitivityjof ~ sensitivity and a guide to chooseand hy suitable for re-
and 7l respectively. The different shapes and sizes of thesolving the individualM reversals of specific depth regions
trace curves fop=3°, 5°, 7°, 9°, 10°, 11°, 13°, and 15° at from the overallM reversal.
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FIG. 9. (Color onling (a) Calculated values ol ¢ as a function of¢ for
hy=778.1 eV for the individual spin flips of top, middle, and bottom regions
in the 6-A-thick Co layer of a Si/Sig1500 A)/Ca(6 A)/Pd15 A) struc-
ture. (b) Their vector sums of the individual complex Kerr vectors contrib-
uted from the three different regions.

E. Atomic-scale depth sensitivity

In order to examine the extent of the depth resolution of
the Kerr effect, we also calculatddy vs ¢ for hv
=778.1 eV from a simpler layered structure with a thinner
magnetic layer, Si/Sig1500 A)/Co(6 A)/Pd15 A). Fig-
ure 9a) shows the resultart 6« vs ¢ for the individual spin
flips of top, middle, and bottom regions with a 2-A thickness
in the 6-A-thick Co layer. The Co layer is thin enough to

examine whether an atomic-scale resolution can be obtainec

from such a thin layer.

For a spin flip of the bottom regiom\ 6 is almost zero
at ¢»=5.8°, while the value ofA ¢y is largest for the top spin
flip. This indicates that any spin flip in the bottom region
cannot be measured with the given valuesgoénd hv via
the 6k signal, but the top spin flip can be resolved because o
its largest contribution to the overalléy. In contrast with
$=5.8°, the top and bottom spin sensitivities are reversed fo
$=11.5°. We can thus resolvd reversals from a specific

depth region of interest even in such a few monolayer thick

films by choosing appropriate values ¢fandhv in the 6
measurements.

In Fig. 9b), we also display a vectorial representation of
the individual Kerr vectors contributed from the three differ-
ent regions for$=5.8°, 7.3°, and 11.5°. As mentioned ear-
lier, this vector representation allows us to better understan
the degree of depth selectivities at different valuespphis
well as informs on which values o and hy should be
selected to resolv® reversals at specific depth regions of
interest. For instancé 6 values for bottom, middle, and top
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FIG. 10. (Color onling (a) Calculations of the effect of overlayer thickness
on A¢y sensitivity to three different regions in the ultrathin Co layer of
Si/Si0,(1500 A)/Co(30 A)/Pdt A), where the Pd thickness varies fis
=0, 10, 30, and 50 A. For the calculatiorts;=781.5 eV is used(b) Re-

flected intensities as a function gffrom the same structure as that used in

, butt varies from 0 to 50 A in a step of 5 A.

nant magneto-optical effects that are both varying withnd
hv. Related to this point, to examine the effect of overlayer

spin flips are almost zero #=5.8°, 7.3°, and 11.5°, respec- thickness on the sensitivity as well as to learn how the over-
tively. These calculations clearly verify that the resonant@yer effect enhances the depth sensitivity, we calculaie
Kerr effect is sensitive to depth at the atomic scale even in £ the individual spin flips of top, middle, and bottom re-

few monolayer thick layer.

F. Effect of overlayer thickness on the depth
sensitivity of =

As mentioned earlier, the depth sensitivity of the Kerr
effect changing withy andhv is associated with a rich va-
riety of the interference effect superimposed with the reso

gions in a 30-A-thick Co layer for various thicknessesf a
Pd overlayer, as shown in Fig. ).

ResultantA 6¢ values are dependent af and strongly
enhanced at certain values ¢f Fort=0 A, Ag for all the
three different depths increase wighin its magnitude. Ag
increases, resonant features become stronger, as well as the
number of oscillation peaks increases. Such oscillatory be-
haviors can be characterized roughly by their frequency and
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0 FIG. 12. (Color onling Calculations off loops based on the two models of
1 bptton} (a) coherent andb) incoherent reversals illustrated in Fig. 11 at various
40 20 0 20 values of¢ andhv as noted.

FIG. 11. (Color online Two models of magnetization reversals in responsef I il . | h
to applied magnetic fields(a) Uniform (coherent and (b) nonuniform ollows an asymmetri¢loop biag reversal, because the bot-

(incoherent reversal in depth in the 35-A-thick Co layer of a model struc- tom spin is coupled to AF spins. Thus, individual spins
ture o SU Si/%(ﬁoo A Ta(50 A)/Nig;Feis(80 A)/FesMnsg200 A/ present between the top and bottom gradually rotate in the
Co(35 A)/Pd 15 A). Model hysteresis loops for the individuals are shown . . .

in the left-side panels. Ifb) the top region traces a symmetric loop while entire thldl(ness due to an eXChang.e (_:OUp“ng between them,
the bottom follows an asymmetriexchange bias¢doop. The color-coded ~ as shown in Fig. 1(b). The characteristic overall loop for the
arrows indicate the relative size and the direction of the applied magnetigncoherent reversal shown in the left side of Fig(tlis

Ifl)e;(;z marked by the same color-coded vertical lines shown in the hyStereS'éXChange biased. In contrast with the spin-flip model men-
tioned earlier, these two models have the transverse compo-
nents of M, which are changing according to the applied
(Fnagnetic fields.

Since a remarkable depth sensitivity@fand its depen-

The oscillatory features are related to the variatior, of dence on a_mdhv, .GK loops are expected to be field-shifted
. L . and those field shifts would be dependent ¢rand hy for
which comes from the variation of the interference effect .

. : . the incoherent reversal. In contrast, loops for the coherent
depending ort. Since the Pd overlayer contributes to the tedlv placed at th h bias field ¢
whole interference effect in the entire layered structure, th%i'fse ar? exlpec ef yp %Cﬁ ?:. € exi anged stle h eventor
resonant features iA6x vs ¢ and its dependence dnare ifferent values of andhv. Figures 12a) and 12b) show

ascribed primarily to the interference effect changing with the resultant !OOPS_fOEbZSO' 5% 7° and 9° with different
Here, we suggest that the overlayer effect offers a much imphoton energiesiv=778.9 and 787.5 eV for both models.

proved depth sensitivity through the overlayer-assisted intef-0" the uniform reversal, all the loops show the same field
ference effect. shift, rather resemble its own model loop shown in Fig.

11(a). However, the sign and magnitude @f contrasts can

vary with ¢ and hv. This calculation clearly evidences dif-
G. 6 hysteresis loops calculated from model ferent loop shifts do not occur if a uniform reversal through
structures the entire thickness is incorporated in real samples. On the

We can calculated hysteresis loops from model spin other hand, a nonuniform reversal definitely leads to unequal
structures. The two distinct models of unifortaoherent  100p shifts according to different values gfandhy. Owing
and nonuniform(incoherent magnetization reversals are il- to the different weights of the depth sensitivity of the Kerr
lustrated in Fig. 11. The contrasting spin configurations foreffect depending o andhw, the magnitude of they con-
the two different coherent and incoherent reversals lead tgasts from specific depth regions can be enhanced or re-
their characteristic hysteresis loops, as illustrated in the lefduced at a given condition ap and hv. Consequently, dif-
side of Fig. 11. For the coherent rotatiol, orientations ferent values of¢ and hv chosen in the measurements can
simultaneously rotate through the entire thicknédbsspins lead to various field shifts. Interestingly, butterflylike but
are equally exchange-biased in the modEbr the other in- asymmetric loops are also found due to comparable contri-
coherent case in Fig. 1d), we assume that a top spin fol- butions from both top and bottom spins and their opposite
lows a symmetri¢no loop bias reversal while a bottom spin sense.

amplitude. The various frequencies in the oscillations lead t
a large difference i 6x between the individual depths, thus
enhancing the sensitivity to depth.
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FIG. 13. (Color onling Overall hysteresis loop for an incoherent reversal g 8 i
case. Various spin configurations present during the reversal are illustratec £ |
according to the different magnetic fields noted by the color-coded solid o 4
circles on the loop. A
S
4
H. Soft x-ray resonant i, 6, and n, spectra versus ¢ L
as a depth-sensitive probe -g
In our earlier experiment¥, we observed various field 4l
shifts of hysteresis loops measured througghsignals, de- '§ ol
pending on¢ and hv from a sample with the atomic-scale &
uniformity of individual constituent layers. It was found that é )
M

such unusual loop shifts are due to a depth-sensitive propert -8 I
of the Kerr effect combined with depth-varying magnetiza- -12} -
tion reversals present in the sample. Hence, it is interesting 0 5 10 15 o 5 10 15
how to refine such depth-varying spin configurations during Grazing angle, ¢ (degree)

M reversals. Here, we suggest that soft x-ray resohart,

and spectra versugh implicate valuable information on FIG. 14. (Color online Calculated results dfy, 6, and 5« spectra forhv
7 SP ® P =778.1(the CoL; edge in (a) and 793.3 eMthe Col, edge in (b) from

the depth-varyingM orientations. Keeping it in mind, We ¢ach of the different spin configurations illustrated in Fig. 13. The model
calculatel, 8¢, and 7« spectra versug for several different  structure used is the same as Si/IB00 A)/Ta(50 A)/Nig;Feo(80 A)/

spin configurations using a spin twist model illustrated in"&oMnsd200 A)/Co(35 A)/Pd15 A). The color-coded lines represent
those spectra calculated from individual spin configurations notedviy

Fig. 13. Figure 13 shows a characteristic overall loop for theyiyen at various values ¢t shown in Fig. 13. The, spectra are almost the
twist reversal model together with several twist spin configu-same for the different spin configurations, but asymmetry ratio fofTthg
rations at given fields as noted B-er TWs, Tws, TW,, and and Tw3 configL_Irations is as large as1.5% around¢$=12°~13.5°, as
. shown in each inset.
Tws. Figure 14 shows the resultaly, 6k, and 7 spectra at
the Co Lz and L, edges, i.e.,h»=778.1eV in(a and
793.3 eV in(b). The I spectra for an incideng-polarized
wave show their negligible difference between individual
spin configurations even at the resonance edges. The asym- Magnetic heterostructures have been typically found in
metry ratio of I spectra forTw; and Twy configurations various classes of real samples. For example, a nonuniform
shown in each inset indicates that their structure differencexchange bias in an ultrathin Co layer of NiFe/FeMn/Co/Pd
can be discriminated by measured intensities in a range dfims was observed by soft x-ray resonant Kerr rotation mea-
$=12°~13.5°. Thisl, contrast betweew,; and Tw; is  surements in our earlier work We suggested that this non-
due to the difference in their longitudinkl components, not uniform exchange bias is associated with different strengths

the difference in the transvers& components in the light of ©f exchange biasing at the FeMn/Co and Co/Pd interfaces.
The interfacial Co is strongly exchange biased to the FeMn

s polarization. Strikingly interesting features are the large _ i
layer at the FeMn/Co interface but is ror at least weakly

variation of 6¢ and 7 with varying ¢ and their distinctly . . .
different spectra depending on the individual spin Configura-ex(:h{jmge biased at the Co/Pd interface. This leads to a

tions. These spectra are also changing remarkablyhwitlas springlike (.tW'St) spin structure during the reversal. Such a
. ) depth-varying spin structure, however, has not been fully de-
compared between the g andL, edges. It is very infor-

) h kablv ch termined yet. Those experimental results in our earlier work
mative thaté or ¢ spectra versusp remarkably change just indicate the presence of a certain depth-varying structure

with details of depth-varying spin structures, thus can b&y the ultrathin Co layer, possibly parts of a springlike spin

used to make a refinement of those depth-varying structuresyrycture during the reversal. Further study is thus necessary
by fitting experimental spectra to those calculated from varitg determine the exact spin structure.

ous model structures. This technique is very promising as a Another springlike spin structures in an AF layer was
depth-sensitive probe and becomes a way to refine deptladso suggested in oppositely exchange biased F/AF/F trilayer
varying spin structures if such spectra can be readily meailms of a structure of NiF€00 A)/FeMn(tae)/Co(100 A)
sured from real samples. with varyingtae.2 In this work, the existence of a springlike

IV. DEPTH-DEPENDENT SPIN STRUCTURES IN REAL
SAMPLES
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spin structure within the AF FeMn layer is proposed to ex-ments versus the grazing angle of incidence or photon energy
plain the oppositely oriented exchange bias between the twwill be a newly emerging powerful way in order to confi-

F layers with the single AF layer. However, a direct experi-dently unveil a variety of spin structures varying in depth
mental evidence for the springlike spin structure has not beeduring M reversals in a large variety of magnetic hetero-
reported yet because of the difficulty in probing depth-structures currently used in practical spintronic devices.
resolved compensated\F spin structures. Quite recently,
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