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Checkerboard pattern of the interlayer coupling between two Co films across Fe/Cu
and Cu/Co/Cu spacer layers grown on C(100)
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Quantum wel(QW) states and oscillatory interlayer coupling in Co/Cu/Fe/Cd00() are investigated by
angular resolved photoemission spectroscopy and x-ray magnetic linear dichroism. We find that the QW states
in Cu/Fe/Co/C(001) depend very little on the magnetic state of the fcc Fe films. The interlayer coupling
between the Co films across the Cu/Fe spacer layer displays a checkerboard pattern in Fe-Cu thickness plane.
The presence of the fcc Fe ferromagnetic live layer at the Cu/Fe interface is shown to be responsible for the
checkerboard pattern, which was confirmed by experiments on Co/Cu/Co/Cu/Q60Csystem.
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I. INTRODUCTION Face-centered-cubidcc) Fe film grown on C(100) at-

Oscillatory magnetic interlayer couplihgis a phenom- tracted great attention_ because ;t exhibits many interesting
enon in which magnetic coupling between two ferromagnetiStructural and magnetic phasés?® The room temperature
layers across a nonferromagnetic spacer oscillates with tHgown fcc Fe film is ferromagnetic below 4 Mmono-
spacer layer thickness. Understanding the coupling mecha@Ye?, and antiferromagnetic plus a ferromagnZeStlc surface
nism has attracted a great interest for research because of ¥ layer with fct structure between 4 and 11 Mt2°It was
fundamental importance. After magnetic measurenihts iSO shown that fcc Fe grown on Co/@00) exhibits very
showed that the interlayer coupling strength depends on th@milar structural and magnetic behavior as in the
ferromagnetic layer thickness, research on the physical origii€/ CU100 systent:®-3! However, the location of the mag-
of the interlayer coupling went beyond the Rudermann-etic live layer at the surface of fcc Fe film remains some-
Kittel-Kasuya-YosidgRKKY ) interactions. In particular, the What controversial in Fe/Co/Q100). Oxygen absorption
discovery of the quantum welQW) states in a thin Cu film experiment®27 suggest that the ferromagnetic live layer is
on ferromagnetic Co with lorfgand short periodiciti€s led  located at the Fe/Co interface. In particular, x-ray magnetic
to the reexamination of the coupling mechanism in terms oflichroism measurement shows that there is no ferromagnetic
electron confinement in the spacer la§et Great progress Fe surface layer at room temperatétélowever, photoemis-
has been made by photoemission experiments which naion dichroism experiment at low temperature shows that the
only identified quantum interference as a function of the ferferromagnetic live layer is at the Fe surfaaJsing surface
romagnetic layer thickneg$, but also explained quantita- sensitive photoelectron spin-polarization measurement,
tively the long- and short-period interlayer coupling oscilla- strong evidence of the Fe surface live layer was observed in
tions in terms of momentum resolved QW stdteRecently, Fe/Co/C100 systemt® More interestingly, Dallmeyeet
research on the interlayer coupling has been developed aloral. observed an oscillatory behavior of the Fe magnetization
two directions. In terms of materials, research has been exn Fe/Co/Cu100), suggesting a complicated magnetic struc-
tended from metallic spacer layer to semiconduétbrand  ture of the fcc Fe in the 4—11 ML thickness rarfy&hus it
insulator'®17In terms of spacer layer structure, dopifignd s likely that the fcc Fe film in Fe/Co/Ga00) is ferromag-
multilayers have been used to modify the interlayernetic live both at Fe/Co interface and at the Fe surface al-
coupling?®2% Multilayer spacer can be regarded as a multithough the surface live layer may have a weaker magnetic
QW system, and indeed interlayer coupling between two Cgignal at room temperature as compared with that at the
films across double QW Cu/BiCu,o/Cu spacer layer was Fe/Co interface. This may account for the controversial re-
found to follow exactly the QW states at the Fermi levelsults reported from different groups. Nevertheless, it is
(Ep).?* In the previous studies, the spacer layer is usuallyshown that a fcc Fe film can mediate an oscillatory magnetic
made of nonferromagnetic elements so that its intrinsic elecinterlayer coupling between two ferromagnetic Co fifhs!
tronic structure is spin independent. Since QW couplingThen if Cu and fcc Fe films are brought together to form a
comes from spin-dependent electron confinement, it will bespacer layer, the Fe magnetic surface live layer will be sand-
very interesting to ask: how the interlayer coupling behavesviched between the Cu and the antiferromagnetic fcc Fe
if the spacer layer consists of ferromagnetic element? Tdilms so that the role of the ferromagnetic live layer in the
answer this question, we investigated the QW states iinterlayer coupling can be investigated by varying the Cu
Cu/Fe/Co/Cu100 system and the interlayer coupling in and Fe film thicknesses. In this paper, we report the results of
Co/Cu/Fe/Co/C(L00 system in which the Cu/Fe serves our study on the QW states and the interlayer coupling of
as the spacer layer. Co/Cu/Fe/Co/C(L00 where the Cu/Fe serves as the
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spacer layer between the two ferromagnetic Co films. Weometry, the linear dichroism effect gives different Cp 3
found that the QW states of the spacer layer have little deeore-level spectra for the two opposite magnetization direc-
pendence on the Fe film thickness, no matter the Fe film is itions which are in the film plane but perpendicular to the
fct ferromagnetic phase or fcc antiferromagnetic phase, bythoton incident plart€. Because of the surface sensitivity
the magnetic interlayer coupling exhibits a checkerboard patand that the bottom 10 ML Co was magnetized in one direc-
tern in the Fe-Cu thickness plane. We explain the couplingion, the XMLD signal measures the magnetization direction
result with the existence of the ferromagnetic live layer atof the top 4 ML Co, i.e., the sign of the interlayer coupling
Fe/Cu interface. To single out the importance of the ferrobetween the top 4 ML and the bottom 10 ML Co films
magnetic live layer in producing the checkerboard couplingacross the spacer layer. The measurements were performed at
pattern, we performed an experiment on Co/Cu/room temperature, unless specifically mentioned.

Co(~1 ML)/Cu/Co/Cy001) system, where the middle

~1 ML Co in the spacer layer could be tuned by interlayer

coupling and temperature to switch between paramagnetic 1. RESULTS AND DISCUSSION

and ferromagnetic states. We confirm that the checkerboard Wi

t f the inter] ing i iated with the f e first present the ARPES result of the
pattern of the interiayer coupling IS associated wi e er'Cu/Fe/Co/C(lloo) as a function of the Cu thickness at
romagnetic state of the middle Co film.

fixed Fe thickness. The Cu spectra for samples with 2 ML
and 7 ML Fe thicknesses are shown in Fig&)land Xb),
Il. EXPERIMENT and the spectra of Cu on Co layer is shown in Fig) for

comparison. The oscillations of the photoemission intensity

The experiment was carried out at the Advanced Lightyith electron energy and the Cu film thickness show the
Source(ALS) of the Lawrence Berkeley National Labora- presence of the QW states in the Cu fim of

tory. The beamline 7.0.1.2 a@ the ALS can focus the phOtO'tu/Fe/Co/C(llOO). It was shown that the Cu QW states can
beam down to~50 um spot size with a high enough photon e jescribed very well with the quantization condition of

flux (>10'? photons per second at resolving power sz(sz—k)ch—q’ZZTFV, where ® is the phase gain of the

10000 to do photoemission measurement on wedgeq, qciron wave function upon reflections at the two Cu bound-

ggmplesh For E wedge ofSrl:/IL/mmlslope,_f scan of a aries,dg, is the Cu thicknessy is the quantum well index,
) um photon beam across the sample provides a systematR:BZ is the Brillouin vector, and is the wave vector of the Cu
thickness-dependent measurement with.25 ML thickness sp band along the"X direction® Thus the values of the

resolution. A C¢100) substrate of 1 cm diameter and 2 mm wave vectork and the phasé at any given energy can be

ghi;fl;ness dv_vas prdepared by rr:jecfhzillnicald pglishing rslovv_n 'T?etrieved from the oscillations of the photoemission intensity
.25um diamond paste, and followe y a chemicalyorqs the Cu film thickness. This essentially determines

polishing®? The substrate was cleaned in an ultrahighy, o “enerav dispersiofi-k (or enerav bandand the phasd
vacuum(UHV) system with cycles of 1-2 keV Ar ion sput- of the (?31/ ﬁlr,ﬁ.34 The re(sults ongy—k ;d the pphaseb

tering and annealing at600—700° C. After cooling the sub- obtained from Figs. (B)—1(c). are shown in Figs. (&) and
strate to room temperature, Co, Cu, and Fe films were epii(e) We see that theE—k are identical for Cu/Co/

taxia!ly grown onto the C@00 s_ubstrate. Thg evaporation Cu(100), Cu/F&2 ML)/Co/CU100, and Cu/Fé& ML)/
. J . . eCo/CL(100). This is expected because the-k represents
film growth. - Typical growth rate of the film is the Cu spenergy band and should be independent of

~0.8 ML/min. A 10 ML Co film was grown first onto ;
; the substrate materials. The phabeof the Cu QW state,
Cu001) to serve as the ferromagnetic base layer. Doubl owever, is different for Cu/Fe/Co/Cl00 and

wedged spacer layers of Cu/Fe and Cu/Co/Cu were grow : o
on top of the 10 ML Co by translating the substrate behind aE‘:U/CO/CUleO) [Fig. 1(e)]. This is because that the phabe

knight-edge shutter in two orthogonal directions. Wedgedepends on the electron reflection at the Cu/substrate inter-
ce so that the phase value should depend on substrate ma-

slope is determined by the translating speed and the evapgjl

ration rate. After QW states were measured by ARPES ant_erials. It is interesting to note that the phase values of the

other 4 ML Co was grown on top of the spacer layer. AfterQW states are identical for C_:U/FZBML)/CO/CLHOO) and
magnetizing the sample with a pulse magnetic field along th&4/F&7 ML)/Co/Cu100). It is well known that fcc Fe on
in-plane[011] direction to align the bottom 10 ML Co mag- CW(100) has ferromagnetic phase below 4 ML and antiferro-
netization, the sample was measured by XMLD to study thénagnetic phase plus a ferromagnetic surface live layer be-
oscillatory interlayer coupling. tween 4 and 11 ML. Thus it is somewhat “surprising” to see
For ARPES measurement, 83 eV photon energy was usgf€ Same phase value in Cu(EeML)/Co/Cu100
to optimize the photoemission intensity at the Cu Fermi surand Cu/Fé€7 ML)/Co/Cu100. To have a more accurate
face. The photoemission electrons were collected by a Scimeasurement, we performed experiment on(waage/
enta SES-100 analyzer with normal emission geometry. ThE&wedgeg/Co/Cu100 sample. Figure 2 shows the photo-
total energy resolution is better than 60 meV~dt®° angular ~ emission intensity at the Fermi level as a function of the Cu
acceptance. For XMLD measurement, 120 eV photon energgnd Fe thicknesses. For (Reedge/Co/Cu100 (dg,
was used. The incident photon beanpipolarized with 60° =0 ML), there is a clear change of the photoemission inten-
incident angle(relative to the surface normaand normal sity at 4 ML Fe, indicating the ferromagnetic-to-
emission electrons are collected. Under this measurement gantiferromagnetic transition. With Cu on top of the
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FIG. 1. Photoemission intensity normal to the film surfaég=0) vs the electron energy and the Cu film thickness (ay
Cu/Fd2 ML)/Co(10 ML)/Cu(100), (b) Cu/Fd&7 ML)/Co(10 ML)/Cu(100), and(c) Cu/Cq10 ML)/Cu(100. (d) Dispersion ofk vs E
obtained from QW state fittinge) Quantization phase vs energy obtained from QW state fitting.

Fe/Co/CW100, the photoemission intensity of the phase value of the QW states changes from that of
Cu/Fe/Co/C(100) oscillates as a function of the Cu thick- Cu/Co interface to that of Cu/Fe interface. Thicker than
ness due to the QW states of CuEat The QW state posi- 1 ML of Fe,_ the QW state posit_ions remain fixed especially
tions shift slightly towards thinner Cu thickness as the Fevhen crossing the ferromagnetic-to-antiferromagnetic phase

film thickness increases from 0 to1 ML. This is because transition at 4 ML of Fe. This result confirms that the quan-
tum phase at the Cu/Fe interface is independent of the mag-

netic phase of the Fe film. Note that the fcc Fe film has a

25
ferromagnetic surface live layer between 4 and 11 ML, the
result of Fig. 2 indicates that the phase accumulation at the
20 . . . . .
Cu/Fe interface is mainly determined by the electronic state
of the Fe at the interface, i.e., the Cu electrons can not dis-
15 tinguish between the ferromagnetic fcc Fe below 4 ML and
the ferromagnetic surface live layer of the fcc Fe between 4
104 and 11 ML.

We now discuss the result of interlayer coupling
between two Co films across the Cu/Fe spacer layer. Figure
3 shows the XMLD measurement result on (€dIL)/
Cu/Fe/C@10 ML)/Cu(001) as a function of Cu and Fe

thicknesses. The bright and dark regions correspond to the
cl, 2' L L ‘s 1L ferromagnetic couplingFC) and antiferrom_agnetic coupling
Fe Thickness (ML) (AFC) between the 4 ML and 10 ML Co fllms,.respec'uvely.
At d-.=0 ML, we observe the well-known oscillatory inter-

FIG. 2. Photoemission intensity at the Fermi level of layer coupling of Co/Cu/Co/Ga00 as a function of the
Cu/Fe/C@10 ML)/Cu(001) as a function of the Cu and Fe Cu spacer layer thickness. For@.<4 ML, the interlayer
thicknesses. coupling pattern remains the same as in Co/Cu/Co sandwich

Cu Thickness (ML)
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FIG. 3. Room temperature interlayer coupling, obtained fromdirections of the Fe live layer and the Co filn{g) Checkerboard
XMLD measurement, between the two Co films of pattern of the interlayer coupling between the two Co films, result-
Co(4 ML)/Cu/Fe/C@10 ML)/Cu(100. The bright and dark re- ing from the two-step couplings of Co-@pace)-Feglive layen and
gions correspond to the ferromagnetic- and antiferromagneticFglive layen-Cu(spacey-Co. “FC” and “AFC” denote for ferro-
interlayer couplings. The interlayer coupling displays a checkermagnetic coupling and antiferromagnetic coupling.
board pattern. The white dashed lines are guide to eye to view the
checkerboard pattern. but the Curie temperature depends on the growth condition

sensitively. For Fe/Q®@01) system, it is shown that after

with the FC/AFC boundaries virtually unaffected by the Fecapping the film with a Cu layer the Fe live layer survives
film. This is expected because the Fe film below 4 ML is inbut with a lowered Curie temperatutelt is reasonable to
the ferromagnetic phase so that the interlayer coupling isssume that the live surface layer in fcc Fe(@i) system
sorely determined by the Cu film. For 4 Mtde,<11 ML,  also survives after capping the film with a Cu layer although
the antiferromagnetic Fe could serve as a spacer layer s magnetic moment may be much weaker than that at the
generate oscillatory interlayer coupling. This can be clearlyre/Co interface at room temperatdfeOn the other hand, it
seen in Fig. 3 atl,,=0 ML where the interlayer coupling has been shown recently that the ferromagnetic order of one
oscillates as a function of Fe film thickness in film in a magnetically coupled sandwich could enhance the
Co/Fe/Co/C(100). For antiferromagnetic Fe, the interlayer Curie temperature of the other fil#38 Therefore the top Co
coupling across Cu/Fe spacer layer exhibits interesting pafilm in the Co/Cu/Fe/Co/Cil00 is expected to enhance
tern. At any fixed Fe thickness, the interlayer coupling oscil-the magnetic order of the Fe live layer at the Cu/Fe interface
lates with the Cu thickness with the same periodicity as inby interlayer coupling. Assuming that there indeed exists
Co/Cu/Co/Cu100. However, the sign of the coupling such Fe ferromagnetic live layer at the Cu/Fe interface at
across the Cu/Fe spacer is reversed if the corresponding Feom temperature, the checkerboard pattern shown in Fig. 3
thickness produces an AFC in Co/Fe/Co(TQ0). This  can be explained with a simple physical picture. The sample
coupling character produces a checkerboard coupling pattestructure can be considered as sketched in Fig. 4 where there
(Fig. 3) in the Fe-Cu thickness planiexcept a small distor- is a Fe ferromagnetic live layer at the Cu/Fe interface. The
tion in the range of 6 MI<d-,<7 ML). For nonmagnetic thick bottom Co layer serves as a magnetic base layer whose
spacer, the interlayer coupling is usually explained with themagnetization direction is fixed. The direction of the Fe fer-
spin polarized QW states of the spacer layéFhis scenario romagnetic live layer at the Cu/Fe interface is determined by
of interlayer coupling leads to a continuous evolution of thethe interlayer coupling between the fcc Fe live layer and the
AFC position in concise with the QW sates at the Fermibottom Co layer across the fcc Fe spacer. The magnetization
level. Experiment on interlayer coupling across CwfNin,  direction of the top Co layer is subsequently determined by
spacer layer confirms this kind of evolution that the AFCthe interlayer coupling between the top Co layer and the fcc
position shifts linearly in the Cu-NiCuyq thickness plane Fe ferromagnetic live layer across the Cu spacer. Then the
according to the QW states at the Fermi I€%eThis cou- final coupling between the top and bottom Co films are de-
pling picture cannot explain the checkerboard pattern of Figtermined by two steps of Co-Cu-ffee layen coupling and
3, which is very different from the diagonal pattern as ob-Fglive layen-Fe(spacey-Co coupling. As a result, there are
served in the Cu/NjCu;q spacer layer case. Noticing the four magnetic configurations as shown in Figga)44(d).
difference ofnonmagnetidNizCu;,q and themagneticfcc Fe,  For dg.<4 ML, the Fe layer is ferromagnetic so that the
the checkboard pattern of Fig. 3 must be related to the magzoupling in Co/Cu/Fe/Co has the same sign as that in
netic nature of the fcc Fe. Co/Cu/Co. For 4 MI<dg.<6 ML, the Fe live layer is an-

As discussed earlier, room temperature grown fcc Fe filntiferromagnetically coupled to the bottom Co layer so that
on Cd00)) is ferromagnetic below 4 ML and antiferromag- the final coupling between the top and the bottom Co layers
netic plus a ferromagnetic live layer between 4 and 11 ML,across the Fe/Cu spacer has an opposite sign to that of
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Co/Cu/Co. Based on this model, the coupling between the
two Co films across the Cu/Fe spacer can be easily con-
structed as shown in Fig(€) which agrees reasonably well
with the checkerboard pattern of Fig. 3.

The above simple coupling model requires the ferromag-
netic order of the Fe at the Cu/Fe interface even though the
magnetic moment could be weak. In other words, the two
steps of Co-Cu-Réive layen and F¢live layen-Fespacey-

Co couplings should switch to a direct single step coupling

of Co-Cu/Fe-Co if the magnetic order of the Cu/Fe interfa-

cial live layer disappears. To confirm this assertion, we de-
signed an experiment to study the interlayer coupling of

Co(4 ML)/ Cu(top)/Co(1.3 ML)/Cu(bottom)/Co(10 ML)/ 2
Cu(001) in which the Citop)/Co(1.3 ML)/Cu(bottom !
serves as the spacer layer. Compared with the 0 3 10 . 15 20 25
Co/Cu/Fe/Co/C(100), the middle 1.3 ML Co can be re- Bottom Cu Thickness (ML)

garded as an artificial ferromagnetic live layer. Thus if FIG. 5. Room temperature interlayer coupling, obtained from

the L3ML Co is in the ferromagnetic stakhough XMLD measurement, between the 4 ML and 10 ML Co films of

it could be weak the coupling between the 4 cqu\ ) /cu/cq1.3 ML)/Cu/CA10 ML)/Cu(100. The bright
ML and 10 ML Co films should go through two steps and dark regions correspond to the ferromagnetic- and antiferro-

of  Co(4 ML)/Cu(top)/Co(1.3 ML)  coupling  and  pagnetic interlayer couplings. The interlayer coupling displays a
Co(1.3 ML)/Cu(bottom)/Co(10 ML) coupling, and the fi-  checkerboard pattern below15 ML Cu thickness, and a diagonal
nal coupling between the 4 ML and 10 ML Co films pattern above-15 ML Cu.

should display a checkerboard pattern in the(tGp)-

Cu(bottom) thickness plane. If the 1.3 ML Co is in the so that the coupling between the 4 ML and 10 ML Co
paramagnetic state, the 1.3 ML Co would serve as a spirfilms is through a single step coupling across the
independent spacer so that the coupling between the 4 MCu(top)/Co(1.3 ML)/Cu(bottom) spacer(thus depends on
and 10 ML Co films should go through a single step cou-the total Cu thickness on)y

pling across the Qtop)/Co(1.3 ML)/Cu(bottom spacer Temperature-dependence measurement was also carried
to result in a continuous diagonal evolution of the inter-out on  Cd4 ML) /Cu(top) /Co(1.1 ML) /Cu(bottom)/
layer coupling in a similar way as in the Co(10 ML)/Cu(001). The XMLD measurement was first
Co/Cu/NgyCu;o/Cu/Co/C100 case. We chose 1.3 ML performed on C@l.1 ML)/Cu/Cd10 ML)/Cu(001) at room

Co in the middle because its magnetic state at room tememperature and low temperatuf@=82 K). Figure &a)
perature can be tuned by the interlayer coupling. For C&hows XMLD signal from the @ level of the 1.1 ML Co as
film grown on Cu001), the Co film is ferromagnetic a function of the Cu thickness. At low temperature, the os-
above 1.5 ML and paramagnetic below 1.5 ML at roomcillation of the XMLD signal versus the Cu thickness shows
temperaturé? The critical thickness value of 1.5 ML thatthe 1.1 ML Co is in ferromagnetic state and its magnetic
shifts to ~2 ML for Cu/Co/Cy100).3® However, it is direction alternates as a function of the Cu thickness due to
shown that interlayer coupling in a magnetically coupledthe interlayer coupling between the 1.1 ML Co and the
sandwich decreases the critical thickness of thel0 ML Co. At room temperature, the XMLD signal of the
paramagnetic-to-ferromagnetic phase transi#o#. For 1.1 ML Co disappears above 5 ML Cu, showing that the
example, the coupling across a 2 ML Cu spacer inl.1 ML Co is in paramagnetic state. Although we cannot
Cu/Co/Cu/Ni/C@100) sandwich decreases the Co critical determine the magnetic order of the 1.1 ML Co layer after
thickness from 2 ML to 0.9 ML. Since the coupling growing the Cé4 ML)/Cu(top wedge because of the sur-
strength depends on the spacer layer thickness, the middface sensitivity of the XMLD measurement, we believe that
1.3 ML Co will be in the ferromagnetic state for thinner the middle 1.1 ML Co remains its ferromagnetic phase at
Cu spacer and in the paramagnetic state for thicker Clow temperature and paramagnetic phase at room tempera-
spacer. Figure 5 shows the interlayer coupling result oture. Thus the interlayer coupling between the 4 ML
Co(4 ML) /Cu(top) /Co(1.3 ML) / Cu(bottorm) /Co(10 ML) / and 10ML Co films across the Cliop)/
Cu(001) in the Cutop)-Cu(bottom thickness plane. For Co(1.1 ML)/Cu(bottom) spacer layer should change from
Cu thickness thinner thar 15 ML, the coupling forms a diagonal pattern at room temperature to checkerboard pattern
checkerboard pattern. This is because the 1.3 ML Co carat low temperature in the Qp)-Cu(bottom) thickness
ries certain degree of ferromagnetic order so that the couplane. This prediction was proved by our experimental re-
pling between the 4 ML and 10 ML Co films is by two sults, as shown in Figs(i6) and Gc). As expected, the cou-
steps of (4 ML)/Cu(top)/Co(1.3 ML) coupling and pling between the 4 ML and 10 ML Co films displays a di-
Co(1.3 ML)/Cu(bottom/Co(10 ML) coupling. For Cu agonal pattern in the Gtop)-Cu(bottom) thickness plane
thickness thicker than-15 ML, the coupling forms a di- above 5 ML Cu at room temperatujiig. 6b)], and evolves
agonal pattern in the Gtop)-Cu(bottom) thickness plane. into the checkerboard patteffig. 6c)] at low temperature
This is because the 1.3 ML Co is in the paramagnetic statéespecially in the 7—12 ML Cu thickness rangi should be

Top Cu Thickness (ML)
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- ] The results of Figs. 5 and 6 confirm that the ferromagnetic

5 [[%o% e A /;:\.\ Ea oot order of the middle Co layer plays a key role in establishing

(@) % - C\oeoeboﬁefoo\ijogﬂ 09'000\3040 1 the checkerboard pattern of the interlayer coupling. How-
ot ‘\ / * . 1 ever, it is still an open question on the required magnitude

S| % —e—82K 1 of the middle layer magnetic moment to cross from the di-

. 2 - _°_3:-‘;K agonal coupling pattern to the checkerboard coupling pat-

tern. Nevertheless, the experiment on Co/Cu/Co/Cu/
Co/CuU100 system explains that the checkerboard pattern
of Fig. 3 is related to the ferromagnetic live layer of the fcc
Fe film at the Cu/Fe interface. Since the XMLD measures
only the sign of the interlayer coupling, it remains unex-
plored on the relationship between the checkerboard pattern
and the interlayer coupling strength. It is reported that the
QW states at the Fermi level is modulated by the position of
a middle Ni layer in Cu/Nil ML)/Cu/Co/Cy001)
systenf! The same effect was also observed in
W Cu/Cd1 ML)/Cu/Co/C{001) systent*! Then it would be
very interesting to study systematically how the interlayer
10 15 0 s _ 10 15 coupling, both the sign and the strength, depends on the
Bottom Cu Thickness (ML) Bottom Cu Thickness (ML) migdle Co layer thickness in Co/Cu/Co/Cu/CoAG0d.
(b) (©) This could be a future project.

Cu thickness (ML)

A
9

_\
9

31
|

5

Top Cu Thickness (ML)
Top Cu Thickness (ML)

o
|
°|

. IV. SUMMARY
FIG. 6. (@ Co XMLD signal of Cadl.1 ML)/
Cu/Cd10 ML)/Cu(100 vs the Cu thickness at room temperature ~ We investigated the Cu QW states and the interlayer cou-
(open doty and 82K (solid doty. (b) and (c) XMLD  Ppling in Cd4 ML)/Cu/Fe/C@10 ML)/Cu(100 by APRES
measurement of the interlayer coupling between the 4 MLand XMLD. The Cu QW states are independent of the mag-
and 10ML Co films of C& ML)/Cu/Cd1.1 ML)/ netic states of the fcc Fe film. The interlayer coupling be-
Cu/Cdq10 ML)/Cu(100) at (b) room temperature an@) T=82 K.  tween the 4 ML and 10 ML Co films displays a checker-
The bright and dark regions correspond to the ferromagnetic- anftoard pattern in the Cu-Fe thickness plane. The presence of
antiferromagnetic-interlayer couplings. The diagonal pattern aferromagnetic live layer of the fcc Fe film at the Cu/Fe in-
room temperature evolves into checkerboardlike pattern at low temterface explains the checkerboard pattern by a two-step cou-
perature. The white dashed lines are guide to eye to see theling mechanism. Experiments on @oML)/Cu/Co/
evolution. Cu/Cd10 ML)/Cu(001) system confirm that the ferromag-
netic state of the middle Co layer is needed to establish the
checkerboard pattern of the interlayer coupling.
mentioned that the results shown in Figgb)6and Gc) are
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