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 Abstract ; ’

: Dipoié;rv.‘illteractions ina so‘ft/Pd/hard [CoNi/Pd]ao/Pd/[Co/Pd]zo multilayer system,
where :a thick Pd layer in between two .ferromagnetic units prevents direct exchange
‘ coupling, are directly revealed by combining magnetometry and statefof—the-art layer
~ resolving soft X-ray imaging techniques with sub-100 nm spatial resolution. The domains
forming in the soft layer during external magnetic field reversal, are found to match with
thevdom;ains‘previously frapoed in the hard layer. The low Curie temperature of the soft
1ayer’ allows varying its intrinsie parameters via temperature and thus studying
~competition with dipolar fields due to the domains in the hard layer. Mioromagnetic
simulations eiucidate the role of [CoNi/Pd] magnetization, exchange and anisotropy 1n
the duplicatidn process. Thermal activation kinetics need to be considered for a
quantitative ‘understanding of the experimental results. Finally, thermally activated

domain replication in remanence during temperature cycling is demonstrated.
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Dipolar interactions in lay’cred‘ magnetic systcms have rccently ,attracted
increasing attention in order to improve the reliability of magneto—electronjc dcvices [1] ,
and for applications in moltilevel magnetic recording’ [2]. In this c‘optcxlt stray ﬁcld )
induced rephcatmn of domams or bit-patterns in perpcndlcular amsotropy systems has ,
been mvesngated as well [3]. In previous studles standard techmqucs such as
_Ipagnetometry, Magnetic Force Microscopy (MFM) or Kerr microscopy have becn used i

to characterize the evolution of the magnetic configuration during field cycle at roo’r‘n‘ e

temperature [3,4]. However, such techniques average over the complete fcrrorhagnctic; Pl

layer stack and do not allow studying the hard or soft layer separately.

Thcrmally—induced magnetization reversal with or wiﬂlout an eXtcrnal static
: magletic field is,’nowadays under heavy discussion since it is obeing,considercd for
applications in Magnetic Random Access Memory (MRAM) or Magneto-Optic (MO) .
recording devices [5]. Domain replication has already been proposed as a 1eadout
mechamsm for MO rccordmg in Magnetic Amplifying Magncto Optlcal Systcms

(MAMMOS), but it is also believed to be useful for thermally-induced writing [6]."

In the present letter, we report on high resolution imaging of the domain
replication in an all-perpendicular anisotropy system. Using a soft/Pd/hard multilayer
system, namely [CoNi/Pd]3/Pd/[Co/Pd],, we combine magnetometry and state-of-the-

art element-specific X-ray imaging techniques [7-9] to investigate the magnetic



configuration of the hard and soft layer independently during external magnetic field
- cycles at temperatures in the range of 150 K up to 350 K. Field cycles lead to the
formation of a soft klayer magﬁetic domain state that ié identical fo the domain
cOnﬁgﬁr@tion preViéuSly trapped in the hard layer. Furthefmbre we exploit thev strong
Atemperatlvlre' dependence of the [CoNi/Pd] soft layer to study the domain duplicatjon asa
' ,functioﬂ of | fem‘perature and demonstraté thermally activated domain replication at

remanence.

~ Usiﬁg DC f‘nagnetron sputtering, the layer sequence Pd(3nm) / [C030Ni7o(0.2nm) /-
:Pd(l.s‘ﬂm)]g,o / Pd(lOnym)’/ [Co(Q.Snm)/Pd(O.Snm)]zo / 'Pd(1.2nm) is deposited onto Si
wafers as ywell ‘as Si3N; membranes for transmission soft X-ray imagﬁlg. The
- _ﬁécroscopic magnetic properties are measured using lowftempera‘ture Vibrating Sampie
Ib\/[:éxgne'tometryy (VSM). Fig. 1a compares hard and soft multilayer magnetizations as a
function of feni’pe’r‘aturé. The hard [Co/Pd] system, deposited at '7 mTorr Ar pressure,
‘SfeVealé a Wéll—d'eﬁﬁgd ﬁerpendicular-to-the-sample—plane anisotropy and an alniost
boﬁsfa‘ﬁt nlagnetizatién Within the éonsidered tempefature range vfrom 5 K to 400 K.
‘However, the Ni concentration in the soft [CoNi/Pd], depoksited at 3 mTorr Ar pressure, is
“tun’ed ’;o obtain a Cﬁrie temperature (Tc) close to 350 K, i.e. its magnetization and
anisqtropy (Fig. 1b) decrease continuously from 5 K to 350 K, and the system turns
paramagnetic for higher temperatures [10]. We measure the temperature dependence of
the magnetization at remanence as well as in an external field of 1 kOe and ﬁnd slight
differences between 310 and 350 K, indicating that the out-of-plane anisotropy competes

- with an in-plane shape anisotropy when approaching Tc (Fig. 1a).



'Fig. 2a presents hysteresis loops measured at 300 K with the field peipcndicularv
to the sample plane. The major loop reveals two distinct steps corresponding to ’ihe, f
independent reversals of the soft and the hard layer. Starting from p(isitive saturation the
soft layer reverses at H%=-350 Oe and stays anti-parallel to the [Co/Pd] until about H= -

4 kOe, where the hard layer reversal occurs. A minor field cycle performed bemeeh +/-2 :

kOe shows no residual bias field and indicates that the Pd (10 nm) 1ayér in between the -

two ferromagnetic multilayers prevents any direct exchange interaction. Sweeping,the~
extenial perpendicular magnétic field from 8 kOe to -4.2 kOe, where the’ hafd layer'h‘aks .
reversed half of its magnetization, we create a domain state in the hard layer With ai)out’r
50% up and 50% down domaiiis. To directly image hard and soft layer d,oniains wi th'sﬁb_, f
- 100 nm spatial resolution, We_performed magnetic transmission Soft vX-ray’ mic,r('),sucopy E
(MTXM) using the full ﬂeld soft X-ray setiup of beamline 6.1.2. at the’Advariced'Light"
Soixxce (ALS) in Berkeley CA ’[11, 12]. X-ray magnetic Circularr dichroism (}Q\/_[CD’),
provides element specific magnetic vcontrast, which for these stuciies enables t(:’; Sepal;a;’ie
layer resolved magnetic domain configurations in both the haid and thel so‘ft-laye_r by
i tumng the photon energy to the Co- and Ni-L3 absorption edges, resp. MTXM images k
’were recorded with magnetic ﬁélds up to 2 kOe pointing perpendiqular to the sampvlye |
plane. After reversilig half of the hard layer magnetization, we first confirm (Fig. 2c) the ,7
presence of Va labyrinth pattern with 50% up and 50 % down domains in’ the hard layer
with an average size similar to the natural size measured at 300 K with MZFM (F ig. lc and
1d). Since the soft layer magnetization is saturated for Fig. 2c, the dbmain i:Qnﬂguration

measured at the Co-L3 edge at -2 kOe reflects the hard layer state only.



, Subséquently we measure the reversal of the soft layer in a minor loop between
+-2kOe (bpen circles in Fig. 2a). Corresponding MXTM images measured at the Ni Ls
edge,'kt(v)r Sepérate out the reversal of the ‘soft layer only, are shown in Fig. 2d and 2e.
Starting»ﬁbm positive soft layer saturation, we lower the external field and observe
domain ﬁucleation in the soft layer (Fig. 2d) around 0 Oé in good agreemenf with the

_VSM mcésﬁremenf (Fig; 2a). The nucleation field (Hy) and the saturation field (Hs) of
the soft layer. have sig‘niﬁcantly changed as compared to the previous minor loop
‘measured fdr a uniform hard layer. This is more clearly visible in the derivatives of the
k‘ 'descending hysféresis -branéhes in Fig. 2b. Hy increases from HON = 250 Oe to HY% =
V"‘+,'13‘O Oe, While Hg decreaées from H’% = -1.1 kOe to H;S = -1.55 kOe. Such changes in
 the sbft layer hys’gefesis loop have already been reported on similar hard/soft systems and

Were éssﬁmed fco"oﬂginaté from the influence of dipolai‘ fields jnduced by the hard laYer

- domains ron‘t.he soft layer reveréal [3]. At about -300 Oe we reach a 50% up and 50%

£ down domain staté (Fig. 2e) that appears to match very well with the state previously
: ‘ftréx‘pped in the hard lafer (Fig. 2¢). At this stage of the minor loop thé domain state of the
hard layer has ycom‘pl’e’tely been copied (replicated) into the soft layer. In Fig. 2b, this
replicated_sféte reveals itself as a dip in the dérivative. We find symmetric minor loops
: ‘iildiééting élose fo perfect Retu.m Point and Complementary Point Memory in the soft

' léyer [13]. Howevef, while the same replicated domain state was obsei'ved during several

successive field loops, we found no evidence for an identical nucleation sequence.

Fig. 3a presents VSM measurements similar to Fig. 2a, but now measured at 150

K. In order to study the replication process with element-specific XMCD at different



temperemre, we use the recently established lensless Fourier Transform HolograpAhyv
(FTH) technique [8]. The sample is illuminated with coherent X-raye through a jgold,v
mask with a circular 1.2 pm diameter'object aperture and a ~100 nm reference hole to
create a X-ray hologram that contains the relative phase between object and refereﬁce and ’

- thus, when transformed back into real space, yields a direct image of tﬁe ebject aperture ,‘
domaild pattern. Coxrespoﬁding ‘experiments are perfornied at beaml‘iﬁe UE—SZ-SGM at
BESSY in Berlin (Germany) using the ALICE setup [14], which alloWs holographic
imaging at variable sample temperature and under extemaly fields up to 7 er', VDetaijls‘ :
ebout rriagnetic FTH fcechm'que can be found elsewhere [8, 9]. Figs. 3c andng show.l" |
identicai hard layer domain states rdeasured at 150 K at’ the Co-Ls edge at —4.6 kOe
before and after performing a soft layer minor loop, thus conﬁrmmg the stablhty of the
domains in the hard layer F1gs 3d-3f show Ni-Ls edge unages measured alono the soft‘ |

layer minor loop from positive saturation to almost negative saturation. Similar as_for 300

K, the hard layer domain state is replicated in the soft layer during magnetization

reversal. A careful analys1s of Fig. 2a and Fig. 3a, as provided by the der1vat1ves of the; V

descending hysteresis loop branches (Fig. 2b and 3b) reveals that the amphtudes of HN.; s

and H,; variations due to the domain state mtroduc‘uon in the hard- layer dlffer w1th -
’ temperature. As shown in Fig. 4, the amplitudes of AHy = H N - HON and AHsat = Hdsatv -
Hosat increase as the temperature is raised. The variation of AHy from 100 K to 310 K is

two times larger than that of AHj,: over the same temperature range.

We perform micromagnetic simulations to investigate the origin of the nucleation

field reduction in the soft layer due to the domains in the hard layer. The hysteresis loop



of the [CoNi/Pd]’ is calculated from the solution of the Landau-Lifshitz-Gilbert (LLG)
equations [15] with the [Co/Pd] magnetization held fixed to be in either the uniform state
or the stripe domain configuration. In the simulations the domains in the hard layer are
represented as 200 nm by 3000 nm parallel stripes of alternating magnetization
perpendicular to the plane of the film. The CoNiPd layer is first uniformﬂy magnetized in’
B -F7 5 koe, then the applied field is swept between +/- 2.5 kOe and is superimposed to the
‘magnetostatic interaction fields ﬁem the hard layer. The ’sweep rate of the ﬁeld is
’Sufﬁeienﬂy slow (6.4 ns/kOe) at a gyromagnetic damping oc=0.1,to avoid cases where
'dynamic effects would dominate the switehing behavior. Thermai fluctuations are not
considered explicitly in the LLG equaﬁons, but are lumped into adjustments of the Values
. ‘f@ftﬁe magnetization M;, the uniaxial anisotropy K, and the exchange A in the soft layer

~ as a function of temperature.

- The modeling of the experimental nucleation ﬁelds proceeds in two steps. First,

V ‘wé aim toi match the H (without stripe domains) by adjusting the [CoNi/Pd] parameters
- te obtain ‘effecti'veyvalues for the anisotropy K and the exchange Agsr as a function of
- temperature. Secondly, the calculations are repeated with K and A.y to obtain the
nucleation field H% when stripe domains arepresent in the hard layer to finally estimate
the reduction 1n nucleation field AHy. We find that it is generally possible to qualitatively
obtain the loop shapes of Fig. 2 and Fig. 3 (see Fig. 4b); however, K¢ has to be
significantly lowered compared to the experimental anisotropy measured from the hard
axis loops (Fig. 1b). Typically Kexr was 25-30% of the experimental K with A in the

range of 1.1-1.5x10™! J/m at T=150 K, and 0.1-0.5x10""! J/m at T=300 K. Such low



values of K in the soft layer also require a scaling of the duplication fields by a factor of |
~0.35 (e.g. by a commensurate adjustment of the hard layer magnetization).k The lack of
additional information at the microstructural level, e.g. pinning-site density in the |
4[CoNiV/Pd], do hot allow us to go beyond this type of mean-field approach. With‘threse
caveats in mind, leading to uncertainﬁes of the simulated nucleation ﬂelds"(estiinated:: ,

i-iOO Oé), the calcuiéted values qualitatively repfoducé the trend of a reductioi;, n
nucleation field due to the stripe domains as well as the changes' in the hysteresis :loop' i
shapes (Fig. 4b). Nevertheless, thermal variations of AHy cannot be ‘quant’it‘a,tivebly'b -

reproduced considéring only soft layer parameters changes (Fig. 4a). We bélieVe that

' thermal effects in the soft layer do not only lead to an effective ,reducti'on?of' the =~

magnetization, exchange and anisotropy as a function of temperature (Fig. 1) but also
initiate kinetics of magnetization hopping over local energy barriers. However, testing
this hypothesis is beyond the scope of the current model and needs to be verified in future

studies.

Fbally, we take advantage of the temperature dependence in the vvcrompetitibn
between intrinsic soft layer parameters and dipolar interaction by demonstrating dipolar
induced domain duplication during temperature cycles. First, at a sample temperature of
150 K, we reverse about 50 % of the hard layer magnetization, introducing the domain
pattern seen in Fig. 5b, and subsequently measure the [CoN/Pd]/Pd/[Co/Pd]
magnetization at remanence as a function of temperature (Fig. 5a). After saturating the '
soft layer at 3 kOe, the external field is released to remanence again. Subsequently

starting at 150 K, the temperature is cycled at remanence between 150 K and four



temperatures Tmax (250 K, 300 K, 310 K and 350 K). After increasing the temperature
beyond 290 K, we observe an irreversible reduction in magnetization when cooling back
down to 150 K. Using FTH imaging during the temperature cycles, we first verify that
‘ tﬁ‘e hard multilayer domain state remains unaltered within the temperature range of 150 K
. 10350K (Fig. 5b and 5f). Then we image the soft layer d(;main state at the Ni L edge at
250 K, 290 K and 300 K (Fig. 5¢-5§). While at 250 K the soft ‘léyer remains uniformly
Vs’atu:‘rated, at 290 K and 300 K,w &gmains are progressively replicated (Fig. 5d—§e). The
o : FTH ﬁe‘id c‘if view is oiﬂy micrometric. To chziracterizé the domain replication raté aé a
| ‘,‘v"fl_lriction df Tmax oﬁ the mécroscopic scale, we calcﬁiate, ﬁo’m fhe VSMvm’easurenﬁénts,

. the percentage of noﬁ-reversed doﬁlains that has to be considered to ﬁf the temperature

: vcyCle descending branches (Fig. 5a). We use the soft layer femanent magnetization éurve
measured for a uniform hard layer state as a reference (100 % of up domainé).‘ We
-réﬁro'duée fhé magnetization variations as a function of temperature after Ty = 300 K,
310 K aylnd‘ 350 K, considering 80 %, 61 % and 47 % of [CoNi/Pd] up domains
,respectixrfely (Fig. 5a). The good agreement between the fits and the experimental data
'bc;nfmns, on é macroscopic scale; the _formation of a stable soft layer domain state via

dipolar duplication when the system is cooled back down to 150 K.

In conclusion, we present a direct visualization of stray-field induced domain
duplication in an all-perpendicular anisotropy system consisting of a hard/Pd/soft
multilayer system, where the two magnetic layers are exchange decoupled via a thick Pd
interlayer. While varying the external magnetic field, as well as the sample temperature,

and using layer resolving soft X-ray imaging techniques with high spatial resolutidn, we



directly show the influence of the hard layer magnetic domain configuration on the soft
layer magnetization reversal. The competition between the intrinsic soft layer prkoperti@»sv
and the dipolar interaction is revealed during temperature dependent studies by tuning the
soft layer Curie point well below the hard layer Curie point. Micromaglétic simulations |
reproduce qualitatively the temperature dependent change‘s of the soft layer ‘hystereéis ,
due to’ dipola;rr _interactioné. Finally, we demonstrate ‘exll)erimicntally the conceiat of ,

thefmally assisted domain duplication at remanence.
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Captions

Figure 1. a) Normalized magnetization versus temperature proﬁles " of a
[Co30Nizo(0.2nm)/Pd(1.5nm)]3e soft multilayer under 0 Oe (open circles) and 1 kOe
(sohd squares) and of a [Co(0. 3nm)/Pd(0 8nm)]20 hard multilayer at remanence
(triangles). b) Temperature dependence of the anisotropy for the [CoNr/Pd] soft layer c) B

and d) 2. 5*2 5 p,m MFM images of demagnetized [Co/Pd] and [CONl/Pd] multﬂayers |

respectively.

‘ 'Figrrre 2. a) Normalized hysteresis loops measured at 300 K. Square so]id symbols show :" 'A
the major loop, while dash_ed line and open circles correspond to rnirrorbloops_k\ﬁdth: the \
hard layer in a uniform and a domain state respeetivel;r. b) DerivatiVe of the des‘cendiog Be
major and minor (sohd and open symbols) hysteresrs loop branch c-e) MTXM imag es v‘.
each 6x6 ,um in size, showing the magnetic domain conﬁguratlon as observed for the '
three states marked in a)respectlvely. Image c) is collected at the Co-L3 edge (778 eV)‘
itfhile images d)dand ej are obtained at theNi—L3 edge (854 eV).VRed lines are aigﬁide to |

the eye.



Figure 3. a) Normalized hysteresis loops measured at 150 K. Full symbols represent a+/-
- 8 kOe major loop. Open symbols show a minor loop after trapping domains in the hard
layer. b) Derivative of the descending major and minor (solid and open symbol) branch.

c) and g): 1.2 pm diameter FTH images of the magnetic domain configuration at the Co-

i L3 edge at -4 6 kOe before and after the minor loop, respectwely d) f): Magnet1c doma;m

B conﬁguratlon at the N1-L3 edge measured successively at dlfferent ﬁeld as mdlcated on

-the hysteres1s loop (a).

: jFlgure 4. a) Expenmental nucleation and saturatlon field dlfference AHy (sohd squale) ‘ '
and AHsat (tr1ang1e) for the soft layer minor loops with and without domams n the hard
i - layer, as a funetlon‘ of temperature. Open symbols correspond to the sunulated AHN with
| :thé dashed line being a guide to the eye. b) Simulatidn of 300 K soft layer hysteresis
: loopsy eonsidering a uniforrn (quare) or stripe domain (circle) hard layer state, and their

-derivative in inset.

: ;Figv ure 5. a) Remanent magnetization during temperature cycles from 150 K te Tmax after
: trappiilg a domain state in the hard layer at 150 K, where Tn.=250 K (open triarlgles),
300 K (full rriangles), 310 K (circles) and 350 K (squares). The crosses represent the
remanent magnetization with no domains in the [Co/Pd]k hard layer. The solid lines
‘co‘rrespond te simulations as described in the text. b) and f) 1.2 um diameter F TH image
of the magnetic domain configuration at the Co-L; edge for remanence at 150 K and
350K respectively. c) to ) Remanent magnetic domain configuration at the Ni-L; edge at

250K, 290 K, 300 K.
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