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Phase diagram of a superconductdferromagnet bilayer
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The magnetic-field—temperaturéi{T) phase diagram of a superconductor is significantly altered when
domains are present in an underlying ferromagnet with perpendicular magnetic anisotropy. When the domains
have a bandlike shape, the critical temperafly®f the superconductor in zero field is strongly reduced and
the slope of the upper critical field as a functionTois increased by a factor of 2.4 due to the inhomogeneous
stray fields of the domains. Field compensation effects can cause an asymmetric phase boundary with respect
to H when the ferromagnet contains bubble domains. For a very inhomogeneous domain stfiyethirefor
low H andT.>H for higher fields, indicating a dimensional crossover from a one-dimensional networklike to
a two-dimensional behavior in the nucleation of superconductivity.
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[. INTRODUCTION tex pinning in this systen? Due to field cancellation effects
betweenH and B,y and due to the suppression ¢fby
In hybrid superconductor/ferromagnéSC/FM) bilayers  Bsiay, Tc(H) can be controlled by changing the micro-
the FM modifies quite substantially the superconductingscopic domain structure.

properties of the SC layer. In particular, strong vortex pin-
ning was reported recently for superconducting films coverll- MAGNETIC PROPERTIES OF THE Co /Pt MULTILAYER

ing arrays of ferromagnetic dots with in-plangand out-of- The properties of the Co/Pt multilayer have been de-
plane magnetizatid® and for continuous SC/FM scribed beforé® Briefly, the multlayer has a
bilayers®~°Theoretical investigations showed that supercur{ Co(0.4 nm)/Pt(1.0 nm), structure on a 2.8 nm Pt base
rents and vortices can be induced in the SC by the stray fielthyer on a Si/SiQ substrate. The magnetic properties were
of the FM(Refs. 11-1fand that the domain structure of soft characterized by the magneto-optical Kerr eff@etOKE)
FM’s can be influenced by the presence of the(8€f. 17. and magnetic force microscoggMFM), revealing that the

Furthermore, Radoviet al. predicted the appearance of sample has perpendicular magnetic anisotropy. Figure 1
the so-calledr-phase state in SC/FM multilayers, where the shows the magnetizatiol ;,, of the Co/Pt multilayer mea-
phase of the superconducting order paramétshifts by  sured by the MOKE, normalized to the saturation magneti-
when crossing a ferromagnetic layérRecently the exis- zationMg,,, as a function of the magnetic field applied
tence of ther-phase state was confirmed by observing sharperpendicular to the surface. The loop has an almost rectan-
cusps in the temperature dependence of the critical current igular shape withugH,,=60 mT, woH.=93 mT, anduyH,
SC/FM/SC junctiong? Earlier experiments were performed =145 mT, whereH,,, H., andH, are the nucleation, coer-
in order to find ther-phase state by measuring the predictedcive, and saturation fields, respectively, anglis the perme-
oscillatory dependence of the critical temperatdrg of  ability of the vacuum.

SC/FM multilayers on the FM layer thickness,,.?%%2 Using different magnetization procedures, one can pro-
However, the results of these experiments were not concluduce different stable domain patterns in the sample. For in-
sive, because the nonmonotoilig(d;,,) behavior could also stance, after out-of-plane demagnetization, band domains are
appear due to the presence of magnetically “dead” layers adbserved by MFM; see Fig.(i). Stable bubble domains
the SC/FM interface$: with local magnetic momentsn pointing either up €,

The theory of the anomalou$.(ds,) dependence is >0) or down (n,<0) perpendicular to the sample surface
based on the Usadel equati6hslescribing the proximity can be created by applying a negative field-of T, sweep-
effect of FM and SC layers, but neglecting a possible influing H to a positive value betweehl,, and Hy, and then
ence of the domains in the FM. In this paper we will showremovingH. The parametes, which gives the fraction of
that an inhomogeneous stray fieRl,, produced by the magnetic moments that are pointing up,£0) to the total
domain structure of a FM can actually also lead to a signifi-amount of magnetic moments, is used to describe the differ-
cant change inm;. To demonstrate this effect, we measureent remanent magnetic states obtained after this magnetiza-
T. as a function of the perpendicularly applied magnetic fieldtion procedure. The value afcan be found from the MFM
H of a Pb film on top of a Co/Pt multilayer with perpendicu- images by dividing the dark arean{>0) by the total area or
lar magnetic anisotropy. In this sample the proximity effect isfrom measurements &, as will be described later.
suppressed by an amorphous Ge layer between Pb and Co/Pt.The lateral size of the domain structures can be estimated
The domain structure in the Co/Pt multilayer can consist ofrom the MFM images. The typical diameter of the bubble
stable band or bubble domains. The FM layer can also be idomains is about-300 nm. The same value is obtained for
a single-domain state, depending on the preceding magnetihe average width of the band domains. Although the mag-
zation procedure, as was shown in a recent study of the voretic moments of the Co/Pt multilayer are equally distributed
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FIG. 2. Field-cooledV(T) measurements of the hybrid SC/FM
bilayer in uoH=0.5 mT with the Co/Pt multilayer in the=0.5
(@) ands=0 (O) states. The arrows indicate. .

subsequently evaporated on the Co/Pt multilayer at a sub-
strate temperature of 77 K. The amorphous Ge film between
Pb and Co/Pt is insulating at low temperatures, so that the
proximity effects between Pb and Co/Pt are suppressed.
'ghe upper critical fieldH ., of bulk type-ll SC’s is given

by?

Ho(T _L (1)
MoHca( )_27752(1_),

with ®,=2.068 mTum? the superconducting flux quantum,
E(T)=¢€(0)/Y1-TIT., the temperature-dependent coher-
ence length in the dirty limit, and@;, the critical temperature
at zero field. Hence, the linear slopeldf, as a function of
temperature is only determined by the coherence leégth
FIG. 1. Magnetic properties of the Co/Pt multilayea) hyster- H(T) can behave differently when the geometry of the
esis loop measured by the magneto-optical Kerr effect Wither-  SC is changed, e.g., for thin films with thickness< &(T).
pendicular to the sample surface. MFM images<@um?) show  while Eq. (1) is still valid for thin type-Il superconducting
that the domain structure of the sample consists of band domaingms with H applied perpendicular to the sample surfake,
after out-of-plane demagnetizatidh) and bubble domains in the for parallelH is given b);e
s=0.3(c) ands=0.93(d) states.

22 2
T2E2(0)wW sz], -

1_—
3(1)5 Mo

between up and down directions in both the demagnetized Te(H)=Teo

and thes=0.5 state, there are distinct differences between
these two domain states: In the demagnetized state the lateigjth T, the zero-field critical temperature. In fact, this for-
size of the domain is larggbecause band domains are ex-myla also gives the phase boundary of a mesoscopic line in
tended in one directionNote also that in the demagnetized perpendicular field, because the cross section, exposed to the
state, the boundary between domains with magnetizatiogpplied field, is the same for a film of thicknessn parallel
pointing up and down is well defined, but not straight: sev-H4 and for a mesoscopic line in perpendicub?’ For mul-

eral sharp corners of different angles can be seen. No MFMp|y connected mesoscopic lineg,(H) can show an even
images could be obtained for tise=0.5 state, caused by the more complex behavior due to fluxoid quantization effétts.
difficult magnetization prpcedure due to the steep_slope of The phase boundary of the SC/FM bilayer was measured
the Mn(H) curve; see Fig. (). However, from the image jn a Quantum Design superconducting quantum interference
of the s=0.3 state[see Fig. 1c)], one can observe that the device(SQUID) magnetometer withi applied perpendicular
domain walls are less sharply defined than in the demagnep the surface. Figure 2 shows the data obtained in two field-
cooled measurements of the total magnetizafids My,

tized state.
+ Mg (Mg, is the magnetization of the SGt the applied
IIl. PHASE BOUNDARY OF THE SUPERCONDUCTING field of uoH=0.5 mT, after the samples were brought in the
s=0.5 ands=0 states. Abovel;, M has a constant value

FILM
for both states, given by the contribution of the R,

After characterizing the properties of the FM, a 10-nm Gefrom which s can be derived. When the sample is cooled
film, a 50-nm Pb film, and a 30-nm Ge capping layer arethrough T.,, a diamagnetic response of the SC appears.
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FIG. 3. (@) Magnetic-field—temperature phase diagram of the
superconducting Pb film covering the Co/Pt multilayer. Before mea-
suringT.(H), the Co/Pt multilayer was brought into tee= 0 state.
(b) Schematic drawing of the stray fieRL;,, when the FM is in
thes=0 state.

FIG. 4. (a) Magnetic-field—temperature phase diagram of the
superconducting Pb film covering the Co/Pt multilayer. The Co/Pt
multilayer was demagnetized before measufingH). As a refer-
ence we have added the phase boundary ofsth@ state. The
dashed lines are guides to the eyl®. Schematic drawing of the
These kinds of measurements were used to determifte) stray fieldBg,y when the FM has been demagnetized.

as the temperature whetd starts to deviate fronMi,.

Repeating these measurements at several applied flélds conductor is only weakly influenced B4, and the mea-

<25 mT did not change the offstt, aboveT,, implying  suredT,(H) curve resembles the one of a single Pb film.
an unchanged domain state.

B. T.(H) with demagnetized FM

A. Te(H) with magnetized FM The phase boundary for the demagnetized state, corre-

The phase boundary for the=0 state(all m,<0) ob-  sponding to the MFM image shown in Figihl, is shown in
tained by severaM(T) measurements in varying fields is Fig. 4(a). In this state, T, is suppressed to (7.048
shown in Fig. 8a). A linear behavior of the phase boundary +=0.002) K. Moreover, the phase boundary still shows a lin-
is observed, which can be fitted by E@l) with £(0)  ear behavior, but with a slope increased by a factor of 2.4.
=(41.2+0.2) nm andT,,=(7.227+0.002) K. This implies The difference between the phase boundaries in the demag-
that in this state the FM has no influence on the supercometized and the=0 state can be attributed to the influence
ducting film, because both the linear behavior and the valuesf the stray fieldBs .y, suppressing the order parameter in
of T.qg and&(0) are in good agreement with those of pure Pbthe superconductor aboVe=7.048 K. The coherence length
films.2° It is important to note that the temperature depen-at this temperature i§=260 nm. This means that supercon-
dence of &(T)=¢&(0)/J1—T/T., derived for this domain ductivity nucleates when the value §becomes smaller than
state is the same for all domain states, since we are alwaypproximately the width of the band domains. The nucle-
dealing with the same Pb film. ation first takes place in regions of the Pb film where the

Let us consider the magnetic stray fiddg;,,, of a homo-  effective field in thez direction, uoHets .= moHz+ Bstray,z»
geneously magnetized film in the=0 state, schematically is minimum. The confinement of these superconducting nu-
drawn in Fig. 3b). Bgyay has its largest amplitude at the clei leads to a differenT (H) dependence compared to the
sample boundary and is negligible above the center of thenagnetized state. Aladyshkat al. have very recently calcu-
FM. Intuitively this can be understood by considering thelated theT.(H) phase boundary of similar systems as the
stray field of a single magnetic dipole in the center of theone that is experimentally investigated here in the framework
sample: The negative field above the dipole is compensateof the linearized Ginzburg-Landau equatiSriThey found,
by the returning positive stray field of the surrounding mag-in agreement with our experimental result, that the upper
netic dipoles. Therefore, the main central part of the supereritical field of a superconducting film can have very unusual
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FIG. 6. Dependence of the critical temperature at zero field
T.(H=0) on the parametes. The minimum value ofT. is ob-
served fors=0.5.

netic moments$>0.5), T, is higher for negatived. More-
over, bothT;(H) curves shown in Fig.(®) show a nonlinear
behavior with bumps in the field ranges arouhdyH|
~5-10 mT.

To explain the asymmetri¢.(H) curves, let us assume
that the sample contains bubble domains witf>0 in a
matrix of magnetic moments witn,<<0, as shown in Fig.

FIG. 5. (8) Magnetic-field—temperature phase diagrams of the5(b): Bsiray,z IS p05|_t|_ve a_bove the_ bul?bles and negative be-
superconducting Pb film covering the Co/Pt multilayer. Before meafWeen them. A positived in the z direction compensates the

suringT.(H), the Co/Pt multilayer was brought into tee:0.1 and ~ NegativeBgyray , between th? bubbles and enh?na%ﬁay,z .
s=0.85 states. above them, while a negativid has the opposite effect: it

enhancesBs,y,, between the bubbles and compensates

temperature dependences when a single domain wall or p&stray, above them. The important point that causes the
riodic domain structures are present in a ferromagnetic filnRsymmetric phase boundary is that the absolute value of
that is in contact with the superconductor. Based on thesBstray,. iS larger above then,>0 regions(bubble$ com-
considerations, we can conclude that the increased slope pfred to then,<0 regions(between the bubblgswhen the
the T.(H) curve may be related to the specific domain pat-sample is cooled in positivid, superconductivity can nucle-
tern in the demagnetized state. ate at higher temperatures in the area between the bubbles

The MFM image in Fig. @b) shows an equal contrast (WhereBg;,y,<0), compared to cooling the sample in the
above all bright or dark domains, indicating tHay,.,, is ~ corresponding negativel, where the nucleation takes place
rather homogeneous above the domains and inhomogenediisthe areas above the bubbles. Note that qualitatively similar
above the domain walls, which define some sharp cornergionlinearT,(H) curves as those presented in Figa)shave
From calculations of the upper critical field of mesoscopicalso been predicted by Aladyshkat al*°
superconducting structures—e.g., triangles or squares—it is The critical temperature of the superconductor decreases
well known that the nucleation of superconductivity takeswhen the bubble domains have larger density. To illustrate
place first in the corners of these structute® Therefore, this effect, Fig. 6 shows the dependencelgfH =0) on the
when trying to calculate th& (H) phase boundary in order parameters. A clear minimum ofT. is observed around
to explain the increased slope, one should take into accourit 0.5, which indicates that this domain state has the largest
these corners formed by the domain walls. This could bevalue of the stray field of all investigated domain structures.
done by expanding the one-dimensional model used by AlaNote thatT. of thes=0.5 state is even lower than, of the

dyshkinet al*° to two dimensions. demagnetized state, emphasizing the inhomogeneous charac-
ter of thes=0.5 state. The phase boundary of this domain
C. T.(H) with bubbles in the FM state will be discussed in the next section.

The phase boundary shown in Figapis obtained when ) )

the Co/Pt multilayer contains bubble domains. Figures 3 and D. To(H) with the FM in the s=0.5 state

4 are symmetric with respect td—i.e., T, is the same for The phase boundary of the SC with the FM in the
positive or negativeH—but the presence of the bubble do- =0.5 state is shown in Fig. 7. In this domain std&g,,, has
mains causes aasymmetry of J with respect to H For a more inhomogeneous character than in the demagnetized
bubbles having positive magnetic moments—ise;,0.5—a  state. For a discussion of the differences between these two
higherT, is observed for positivél than for corresponding domain states we refer to Sec. Tl,(H) follows a nonlinear
negativeH, whereas for bubbles containing negative mag-behavior, in contrast to the demagnetized andsthé states.
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~300 nm. ForugH>15 mT andT<6.90 K, T;(H) shows

a crossover from the one-dimensional networklike to a two-
dimensional linear behavior, because the assumption
<&(T) for Eq. (2) is no longer fulfilled. This is in agreement
with the value of¢(6.90 K)=194 nm.

IV. CONCLUSION

In conclusion, the phase boundary between the normal
and superconducting states of FM/SC bilayers has been
found to be strongly dependent on the domain structure in
the FM. The stray field,,, of these domains can lead to a
significant decrease of; in zero applied field, but on the
other hand, it can also enhant@g in applied fields. It has
been demonstrated that the presence of bubble domains leads

FIG. 7. Magnetic-field—temperature phase diagrams of the sut-0 the formation of the field-polarity-dependent asymmetric

perconducting Pb film covering the Co/Pt multilayer. Before mea—ph"’_‘se boundarieB.(H) with respect toH, due to C_Ompe”'

suring T.(H), the Co/Pt multilayer was brought into te=0.5  Sation effects betweeid andBs,,. For a specific inhomo-

state. As a reference the phase boundary okt state is added. 9eneous domain structure, tfig(H) phase boundary shows

The dashed line is a guide to the eye. a crossover from a one-dimensional to a two-dimensional
nucleation behavior.

T.(H) for the s=0.5 state cannot be described by Ed),
but rather by Eq(2) in fields ugH<15 mT; see the fit in
Fig. 7(b). This indicates that in the=0.5 state the regions The authors thank L. Van Look, K. Temst, and G.
where superconductivity nucleates can be considered as sGintherodt for help with sample preparation, J. Swerts for
perconducting strips with a widttv<¢(T), forming a sort MOKE measurements, and Y. Bruynseraede for fruitful dis-
of a superconducting network. When fitting thg(H) curve  cussions. This work was supported by the Fund for Scientific
using Eq.(2) and £(0)=41.2 nm(from the phase boundary Research-Flander&elgium) (F.W.O.-Vlaanderen by the

for s=0), we obtain values otv=(213+6) nm andTg Belgian IUAP and the European ESF “VORTEX” Programs,
=(6.994+0.003) K. The value ofv determined from this fit and by the Research Fund K.U.Leuven GOA. M.L. and
can be compared with the typical bubble domain size oM.J.V.B. acknowledge support from the F.W.O.-Vlaanderen.
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