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Atomic-scale depth selectivity of soft x-ray resonant Kerr effect
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By the use of resonant soft x-ray Kerr rotation measurements with its varying incident angle and
energy, we observed various shifts of the exchange bias field of a 3.5-nm-thick Co layer in
oppositely exchange-biasedghfte, g/ FesgMnso/Co/Pd films. The results in conjunction with their
model simulations clearly reveal that the measurements enable one to resolve varying magnetization
with depth in the individual magnetic layers of such a multicomponent ultrathin layered structure on
the atomic scales. Significant interference effects combined with penetration depth of resonant soft
x rays, which are closely associated with their absorptive and refractive contributions, offer
remarkably different depth sensitivities into the Kerr effects depending on grazing angle and
resonance energy. @003 American Institute of Physic§DOI: 10.1063/1.1622123

Current miniature magnetic devices, such as spin valv&ig. 1(a). The oppositely oriented exchange bias was locked
sensors and nonvolatile memory cells applicable tan by cooling through a Blocking temperature with their an-
ultrahigh-density information storagés;onsist of complex tiparallel remanent magnetizations oppositely saturated
multicomponent ultrathin layers having nanometer-scaleabove the Blocking temperature in a high vacuum chamber
thickness or less. The magnetic properties or functions oWith a base pressure of210~8 Torr. Details of the sample
those films are known to be determined crucially by struc-growth, representative characteristics, and exchange-bias set-
tural and magnetic properties at many interfaces and aring will be reported elsewheré.We notice here that a Pd
known to be varying with depth in the individual layérs.  capping layer was deposited to prevent oxidation after the
In order to better understand their intriguing properties assoformation of the opposite exchange bias in NiFe/FeMn/Co
ciated with interfaces, it is essential to examine the depttilms. After the Pd deposition, the Co magnetization reversal
dependence of magnetic information. However, many meal€comes nonuniform, rather shows varying exchange bias
surement techniques average various magnetic characterfé€!d, Hep, as seen in a vibrating sample magnetometer
tics in the film plane. (VS_M) loop [see Fig. 1a)]. While, Nng ethange b|gs re-

There have been several attempts to separately invesf?@ns unchanged after the Pd deposition since the NiFe layer

gate the magnetic properties of individual layers in ultrathin'S f&r away in distance from the Pd capping layer.
layered structure$~? In these works, the different magnetic _ e nonuniform Co reversal is likely to be modified by
properties of the individual layers have been resolved b)Pd proxmlty effect on the C(.) surface. To clarify the true
visible or soft x-ray magneto-optical Kerr effects. In earlier origin of the opserved nonuniform reversals, we have em-
work,? we also attempted to resolve depth-varying magnetié3 loyed a technique of resonant soft x-rés ¢ measure-

. . ments that enable to resolve magnetization reversals of dif-
properties of a Co layer by the use of standing waves gene*—

ated from a well-ordered multilayer on top of which the Co erent elements and their depth varying reversals in complex

laver is deposited. Here we report that soft x-rav Kerr rotamulticomponent layered structures. The measurements were
ay P - =P y carried out on the beamline 8.0 at the Advanced Light Source
tion, 6y, versus incident grazing anglé, and energyhv,

. .at Lawrence Berkeley National Laboratory. The details have
measurements can provide an extremely large depth SeIeCt'Y)'een described elsewhére

ity on the atomic scales even in a ultrathin single layer, sim-
ply by choosing appropriat¢ and hv around the resonant e aqred via soft x-ragy at differentd as noted for some-
regions. For instance, both the experimental and simulatiog,ht gifferenth» around the Cd_; edge. VariouH,,, co-
results of ¢ vs f¢ measurements are presented for depthycivity, H_, and slopes of the loops are clearly seen depend-
varying magnetization reversals in a 3.5-nm-thick Co layefing on . Those different values that are characteristic of
of NiFe/FeMn/Co/Pd films. each¢ loop, are associated with different parts of the entire
The sample of a structure of SJjO(150 nm/Ta  Co reversal shown in the VSM loop. Among thost,, for
(5 nm)/Nig;Feg (8 nm)/FgoMnsp (20 nm/Co (3.5 nm has 4 =7° is almost zero, apparently indicating nonexchange bi-
oppositely oriented exchange bias between two ferromagasing. For othetp loops, Co exchange biasing is present, and
netic (F) NiFe and Co layers with an antiferromagne’®)  in particular,H,, for ¢=10° is exactly the same as that of
FeMn layer, as seen in visible Kerr loop shown in the inset otthe Co reversal observed from that sample without Pd depo-
sition. It is quite interesting how» dependenty loop mea-

dauthor to whom correspondence should be addressed; electronic maiﬁgrements give almost narrow single switching loops with
sangkoog@snu.ac.kr different He,, H., and slopes that are resolved from the

Figure 1b) shows Co-resolved magnetization loops
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FIG. 1. (Color) (a) Magnetization reversals of NiFe and Co layers which are FIG. 2. (Color (a) A spin flip model where the directions of spins placed at
oppositely exchange biased to a FeMn layer. The lower inset shows magnéaree different depths reverse incoherently in depth as schematically illus-
tization reversals of both NiFe and Co layers measured with visible Kerrtrated.(b) Calculated contrasts ifix for independent spin flips, plotted as
effect in a high vacuum chamber prior to deposition of a Pd capping layercontour against) andhv. 65" -6 represents the contrast éiy for a spin

The two vertical gray lines indicate ., values for the Co £ 100 Oe) and  flip from one direction to the other opposite one coherently through the
NiFe (120 Og reversals. The visible Kerr loop has opposite sense in theentire Co thickness, wherea§” — 6% , 60" —6(" , and 60"’ —6{" corre-

magnitude and different sensitivity to laye(b) Co resolved magnetization  spond to the contrasts if for each of the individual spin flips at different
reversals measured via soft x-réy at different¢ as noted and somewhat top, middle, and bottom depths, respectively.

differenthv near the Cd_; edge. The sign and magnitude @f are nor-

malized with the saturation value at a positive saturation field. The vertical

gray line is placed at-100 Oe which is the same &, of a part of the

entire Co reversal shown in the VSM loop.

mixed, multiple Co switching shown in the VSM loop. Such (@) Coherent rotation (b) Incoherent rotation
measurements should inform on depth-varying heterogeneit L~
in the magnetization reversals of a ultrathin Co layer with ~ &
sufficient depth resolution's.

In order to verify it, we calculat#y versus bothp and
hv from some model spin structures illustrated in Fi¢p)2
In this model, we divide the 3.5-nm-thick Co layer into three
different regions of the same thickness and use a spin fli}
model where the magnetization directions of three different
regions are independently flipped. For calculationségf
from the model structures around the Ce andL, edges,
+/- helicity dependent complex refractive indices,
n.,_(hv), should be used for Co, which are obtained from

egree)

A= B

Kerr Rotation{d
=]

['H 1
right and left circularly components of Co absorption spectra . - — _% 7 ]
measured versus hv and their Kramers—Kronig -6 s ; 6| %f
transformation$® For n(hv) of other layers such as NiFe,  -¢ —10 e :
FeMn, Pd, etc., we use tabulated Henke Hasince the Co 0 A% 8. 15 W -0 15 0 15 3

. . . . . M tic field (arb. units M tic field (arb. umit
resonant region of interest in this calculation corresponds tc e Se b et ol (Avh: i)

their nonresonartiv regions as for those elements._ Wwe aISOFIG. 3. (Color) Model spin structures within a Co layer for coherent and
use the real part of-r,s/rgs for ¢, wherergg,g is the  incoherent magnetization reversals and calculatgdoops based on the
reflection coefficient from;(s) to s(p) polarization, models. In(a), the inset shows the model hysteresis loop of a coherent
From calculateddy against both¢ and hv from each reversal with a certaii o, of the same value for all the individual spins. In
. . . . . (b), the upper and lower insets indicate the model hysteresis loops, respec-
spin configuration noted a@), (Il), (Ill), and (IV) in Fig.

- R : : L : tively, of top and hottom layer spins. which are assumed to have different
2(a), their differences in Fig. ®) are remarkably contrasting H., as shown in the insets.
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at certaing andhv around the resonant regions for the in- ; - - -
dependent spin flips, indicating tha# has a significant g,, /\ﬂ[_\%
depth sensitivity. Also, the noticeable changes in the magni- 2 RN 1
tude and sign of those contrasts on thehv plane exhibit a 3‘ Q
large variation of the depth sensitivities 8§ depending on o0

¢ andhv. This origin is ascribed to strong interference ef- 8 bottom—"

fects in conjunction with penetration depth that are associ- ‘g 2r middle \
ated closely with absorptive and refractive nature of soft x © top N
rays in response to such a complex multilayer fifim. 4 : i

2 4 6 8
It was revealed earlier that Co-speciffig is strongly Grazing angle (deg.)
sensitive to depth at which magnetization reversal occurs.

. PR ‘g - : : FIG. 4. Calculated contrasts ify as a function ofp athv=778.5 eV for
This sensitivity is also distinctly different with varyingand spin flips independently at top, middle, and bottom depths within the 0.6-

hv near the Co absorption edges. With these regards, t@m-thick Co layer of a C40.6 nm/Pd (1.5 nm bilayer structure.
verify that varyingH, observed by soft x-rayp vs 6y is
caused by depth varying exchange bias, we simutite
loops for several differen at certainhv from two distinct
models of coherent and incoherent rotations in depth within
single Co layer, as shown in Fig. 3. All the calculatégd
loops at differentp andhv from the coherent model repre-
sented by a hysteresis loop shown in the inset, exhibit th
sameH, andH, as expected, but different magnitudes and
signs depending o andhv because of their related inter-
ference effects. While, an incoherent rotation in depth shows  This work was supported by the KOSEF through g-Psi
a remarkable change i, depending orp or hv because of and Korea Research Foundation Grant No. KRF-2002-003-
the different depth sensitivities as a functiongpndhv, as  D00137. Work at the ALS was supported by the Director of
evidently shown in Fig. 2. These confirm that for a uniformthe U.S. Department of Energy under Contract No. DE-
magnetization reversalh vs 6, measurements do not show AC03-76SF00098.
any change irHg,, whereas nonuniform magnetization re-
versals evidently yield changes i, depending onp.*®

The simulation results, hence, provide a clear evidence G. A. Prinz, Scienc82, 1660(1998. _ _
that the experimental result of depth-resolved exchange biaégt'agfr‘r']dasg' ATr; di'rst%?inﬁelL S\ﬂ,‘i{;AF',hﬁ?ﬂ'&f’Lgﬁ'gzgégi(%ggg' “
holds true and can be obtained fraphvs 6 measurements.  sg _« kim and J. B. Kortright" Phys.’ Rev. LeB6, 1347(2001. '
Here we notice that we neither intend to simulate the exacts. H. vang, B. S. Mun, N. Mannella, S.-K. Kim, J. B. Kortright, J. Un-
shapes of experimentally observed loops and nor intend toﬂerwood,dF-C Sg'ﬂ;azlsi, Ej ﬁrﬁnhol(z:, Ad Your:\% Z-rLHAléiszigé M. C. Van
detertine the exact spin structure n the Co layer during the 6%, C S Fader ) s, Conoers oo s,
reversal. The observed nonuniform exchange bias itself is ;q03.
quite interesting because the spin structure ofF dayer 60. Hellwig, J. B. Kortright, K. Takano, and E. E. Fullerton, Phys. Rev. B
coupled to an AF layer is typically assumed to be uniform 62 11694(2000. _
inside theF layer in most previous models of exchange bias. 7; Hamrie, J. Ferre, M. Nyvit, and S. Visnovsky, Phys. Re@63224423
Also, the nonuniform exchange bias inside the Co layersg, penissard, P. Meyer, J. Ferre, and D. Renard, J. Magn. Magn. Mater.
should give rise to incoherent rotation in depth during the 146 55(1995.
reversal. In this work, even though we cannot determine the’J. Ferre, P. Meyer, M. Nyvlt, S. Visnovsky, and D. Renard, J. Magn.
exact spin structure of Co, our experimental observation oIo'}\(".?gb'l_gﬂztg:_lg‘a}(ﬁ’(fg;' Kortright, K. Y. Kim, Y-W. Kirm, and S.C.
depth-resolved, Co-specific loops supports that at least a parishin (unpublishest
of spring-like (twist) spin structure might be present within *J. B. Kortright, M. Rice, S.-K. Kim, C. C. Walton, and T. Warwick, J.
the Co layer during the reversal. Probably, the incoherentMagn. Magn. Mater191, 79 (1999. ,
rotation in such an ultrathin Co layer may be possible for the We believe that the size of soft x-ray beam is much larger than that of

. many magnetic domains of somewhat differéhy, so that the measured
case of much reduced Co exchange coupling compared tOger signal is average over slightly differefit,, of the individual domains

the bottom layer cannot be measured, but the top spin rever-
sal can be resolved sensitively Wa since its largest sensi-

z'l’ivity. In contrast, the depth selectivity &t=9.2° is reversed

for the top and bottom spin reversals. By choosing not only

appropriates but alsohv in the 8, measurements, thus we
an resolve magnetization reversals at different depths even

in a few monolayer thick layers.

that of the bulk. Not only Pd proximity but also maiysitu at each¢. If experimentally observed nonuniform exchange bias were
measurements during the Co growth seem to cause such recaused by a possible lateral heterogeneity, e¢elyop would show non-
duction in Co exchange coupling in our sample. uniform reverslas as well, as observed by a VSM.

. . . 133, B. Kortright and S.-K. Kim, Phys. Rev. 82, 12216(2000.
Fma”y' in order to examine to what extent depth reSOIU'14B. L. Henke, E. M. Gullikson, and J. C. Davis, At. Data Nucl. Data Tables

tion can be obtained in a single magnetic layer, we also cal- 54, 181(1993; http://www-cxro.lbl.gov
culate Ok with Varying ¢ from a simp|e Co/Pd bi|ayer struc- 5In this model, whileH,,, varies with depthH, and slopes for different
ture. Figure 4 shows the calculated contrast#irvs ¢ for depths are assumed to be the same. Therekggeloes not vary withy,

T . but the loop slopes somewhat change with depth since diffétgpivith
Co spin flips independently at top, middle, and bottom layers depth assumed in the model contribute to each loop at a givem

of one monOIayer th_iCkr_]eSS' The contrastat 6'00_ is al- experimental results, the variationshh and slope as well ad ., with ¢
most zero for the spin flip of the bottom layer, while largest are possible due to likely depth varyiii, in the Co layer of the sample
for the top spin flip. Thus, at that angle any spin reversal at used in this work.



