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Little-Parks effect in a superconducting loop with a magnetic dot
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We have studied the nucleation of superconductivity in a mesoscopic Al loop, enclosing a magnetic dot with
the perpendicular magnetization. The superconducting phase bouhd&)y determined from transport mea-
surements, is asymmetric with respect to the polarity of an applied magnetic field. The maximum critical
temperature has been found for a finite applied magnetic field, which is antiparallel to the magnetization of the
dot. Theoretical phase boundary shows a good agreement with the experimental data.

DOI: 10.1103/PhysRevB.68.172503 PACS nuniber74.78.Na, 73.23:b, 74.25.Dw

A great deal of experimental and theoretical work hasultrasonic agitation. The sample was covered again with the
been devoted to the investigation of mesoscopic supercor@-beam resist. After the alignment, the mesoscopic loop and
ductors(e.g., Refs. 1 and 2 and references theredver the  contacts were patterned. The designed width of the loop and
past few yearshybrid superconductor/ferromagnet systemscontacts is 400 nm, whereas the inner radius of the loop is
have attracted a lot of attentidn'? It has been revealed that 600 nm. In order to avoid proximity effects, the mesoscopic
a magnetic dot, embedded into a superconductor, attractsG@ntacts next to the loop are 2am apart from the Cr/Au
vortex, resulting in an enhanced pinning when the magneti¢eads. 35 nm of Al was thermally evaporated and a lift-off
momentm of a magnetic dot and an applied magnetic figld was carried out. In the final step, the sample was yet again
have parallel orientatioh’>'®* Moreover, it was recently covered with thee-beam resists. After a quite precise align-
demonstrated that perpendicularly magnetized magnetic dof§ent procedure, a magnetic dot with the radius of 200 nm
could efficiently be used not only to enhance the flux pin-was patterned. A magnetic dot consisting of 2.5 nm Pd buffer
ning, but also to tune the nucleation of superconductiity. layer and 10 bilayers of 0.4 nm Co and 1 nm Pd was subse-

Theoretical ~ studies of individual mesoscopic quently evaporated. The resist was removed in a lift-off.
superconductor/ferromagnet structures in the disk geometry Figure 1 shows an electron micrograph of the structure.
were carried out in the framework of the Ginzburg-LandauThe bright area at the center is a magnetic dot. The actual
formalism, with the emphasis on the vortex phases and trarflimensions of the loop and magnetic dot were obtained from
sitions deep in the superconducting sfateA mesoscopic atomic force microscopy. The inner radius of the loop equals
superconducting Al disk with a perpendicularly magnetizedR;=0.55um, outer radius is equal toR,=1.05um,
magnetic dot was recently fabricated and its superconductinghereas the Co/Pd magnetic dot has the radiusr of
phase boundary.(B) was measuretdl These measurements =0.27um. The mesoscopic contacts next to the loop, used
demonstrated that the superconducting critical temperature fr measuring voltage, are closer to the loop than initially
systematically higher when the applied magnetic field is pardesigned. This effectively increases the outer radius of the
allel to the magnetization of the dot. However, in this sampldoop, since the supercurrent can spread into the contacts,
the superconducting phase boundary seems to have been Hiereby affecting both the periodicity and background of the
fected by the proximity effects between the superconductingghase boundary.
disk and magnetic dot. The superconducting phase bound#gyB) was obtained

In this paper the nucleation of superconductivity in a me-by four-point transport measurements in a cryogenic setup at
soscopic superconducting Al loop, with a magnetic dot at théemperatures down to 1.11 K, applying the magnetic field
center of the opening, is investigated. Given the spatial sepa-
ration of the superconducting loop and magnetic dot, it is
clear that the dot interacts with the loop exclusively through
the stray field and proximity effects are absent. Therefore,
any peculiar features in th€;(B) phase boundary can un-
doubtedly be attributed to thmagneticinteraction between
the superconducting condensate and the stray field of the dot.

The sample was prepared by electron beam lithography in
three steps on a SiOsubstrate using positive PMMA950K
and the corresponding co-PMMA electron beam resists. The
lithography was carried out in a JEOL 5600 scanning elec-
tron micrograph modified for electron beam writing. The
contacts pads, with the size of 5@@n, leads and alignment
markers were patterned first and 5 nm of Cr and 30 nm of Au
were thermally evaporated. Afterwards, the resist was re-
moved with a lift-off procedure, using warm acetone and FIG. 1. A scanning electron micrograph of the structure.
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FIG. 2. The hysteresis loop of a co-evaporated Co/Pd plane film ) .
obtained by the )rlnagneto-optliocal Kerr megsurements at rpoom tem- FIG. 3. The calculated stray field of the magnetic dot, ave_rage_d
perature. The shaded area indicates the range of the applied mag?\{er th_e thickness of the _superconductlng Ioop. The stray field is
netic field. ormalized to the magnetization of the magnetic dot and was cal-

culated assuming a single domain structure. The darker shaded area
perpendicularly to the sample surface. A transport currenindicates the position of the dot, whereas the lighter shaded area
with the rms of 150 nA and frequency 27.7 Hz was used. Th&hows the position of the superconducting loop. The arrow shows
response was measured by a PAR124A lock-in amplifier. Théhe direction of the magnetization.
phase boundary was determined resistively by sweeping the
magnetic field at a very low rate, while keeping the temperaing of the loop ¢<0.55um) and loop itself (0.55r
ture constantT(B) curve was afterwards extracted from the <1.05um) have different orientations and, in qualitative
magnetoresistance using the resistive critefi®y2, where terms, there should be a competition between the effects of
R, is the resistance in the normal state. The temperature ariiese two fluxes on the superconducting condensate. Assum-
field steps were 500K and 5 uT, respectively, with the ing that the loop is sufficiently big compared to the coher-
temperature stability 102K. In order to minimize the influ- ence length at zero temperat@®) [R;, R,>&(0), where
ence of possible temperature gradients, the temperature w&s andR, are the inner and outer radius of the loop, respec-
being monitored by two independent temperature sensoitévely] the loop is similar to a stripe at temperatures much
placed at two different positions on the sample holder. lower than the maximum critical temperature the system can

The resistance of the sample at room temperature is 6.8ttain T, (we will be referring to these temperatures as low
, the resistance in the normal state at low temperatures i&mperatures Clearly, the superconducting state of the stripe
R,=2.5Q), whereas the maximum critical temperatdig,  depends only upon the flux valwethin the stripe. In other
is 1.3422 K. words, at low temperatures the behavior of the loop is gov-

The multilayer Co/Pd magnetic dot provides a perpen-€erned by the flux through the loop and not by the flux in the
dicular magnetizatio?** The hysteresis loop in the perpen- opening of the loop. Therefore, at low temperatures the shift
dicular magnetic field of the co-evaporated plane film withof the T,(B) phase boundary along taxis is expected to
the same composition, obtained by the magneto-optical Kedpe in the direction of the dot magnetization. At temperatures
measurements at room temperature, is presented in Fig. glose to the maximum critical temperatuiee will be refer-

The shaded area indicates the range in which the applieting to these temperatures as high temperajutes direc-
magnetic field was varied in the experiment. The remanencton of the shift of theT;(B) phase boundary is a result of an

is complete, whereas the coercive field is approximately 70nterplay between the opposite fluxes. Note that the super-
mT. When saturated, Co/Pd structures patterned at the subenducting phase boundary does not depend on the local
micrometer scale are in the single-domain state. profile of the stray field in the opening of the loop, but on the

Figure 3 shows the calculated stray field produced by aotal flux through the opening generated by magnetic dot.
Co/Pd magnetic dot, averaged over the thickness of the su- To describe quantitatively th€.(B) phase boundary the
perconducting loop. The stray field is normalized to the magGinzburg-Landau theory has been used. The free energy of
netization of the magnetic dot. The darker shaded area shovilse superconducting structure can be expressed as
the position of the magnetic dot, whereas the lighter shaded

areas indicate the position of the superconducting loop. The Ro 2
F=2m rdr
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arrow shows the direction of the magnetizatiorof the dot.
The stray field was calculated assuming a single-domain
state of the magnetic dot. Prior to the measurements the dot h? (dy\?
was magnetized perpendicularly in 300 mT. As the applied + amidr/ |’
magnetic field in our experiment never exceeded 30(Rid.
2), it has been assumed that the magnetization of the magvhere ¢ is the modulus of the order parametéy,is the
netic dot remains unaltered during the measurem@énts. vector potential, an integer numblerstands for the winding
The fluxes of the stray fieltsee Fig. 3through the open- number(vorticity) of the order parametefh is the super-
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0.12 ' current is not confined only by the ring, but can well flow
into the mesoscopic contacts, thus effectively increasing the
0.10 ; outer radius. The best fit has been obtained for the coherence
] length at zero temperatugg0)=96 nm and the outer radius
§ 0087 ; R,=1130 nm. The latter is quite close to the actual radius
S § Ro="1050 nm._ - |
= ' The theoreticall;(B) curve is in a good agreement with
= ] ! ; ; L
~ 004 ; the expenmeptal data. The asymmetry, shift and periodicity
1 ; of the experimental data have been reproduced well. The
0.02] asymmetry and the shift can be explained by considering Eq.
] ; (1). From this equation it follows that the maximum critical
0.00 . i e, temperature, for a fixet, is attained when the applied field
-6 -4 2 0 2 4 6 is equal to
/D,
B 4P, JRO 24 27A L )
FIG. 4. The measure@pen symbolsand calculatedsolid line) B= 7(Re—R}) Jr rar Dy, ) @

superconducting phase boundary given asTL(B)/T, versus the ] o )
normalized flux®/®,. HereT,, is the maximum critical tempera- 1N€ corresponding critical temperature is
ture and®,, is the superconducting flux quantum.

T 2&0)2] (Ro 2w L\?
T TRR| e e AT
conducting flux quantum, whereas and 8 represent the e o NN LJR 0
Ginzburg-Landau parameters. The integration is performed 4 . 20 L\\2
over the area of the loop. In E¢L) cylindrical symmetry of — rdr| —A— — ., 3
it RI—R! ) r
the order parameter near the phase transition to the normal o” TN\ JR 0

state has been taken into account. As the thickness of samplgyereT,,, stands for the bulk critical temperature of Al. For
is much smallgr thag(T) Wl'_[hln the temperature range of the sake of simplicity, we assume that the stray field does not
interest, there is no modulation of the order parameter in th%hange considerably over the width of the loop. Denoting the

direction of the applied field. For this reason, the stray ﬁe|daverage field in the opening of the loop and within the loop
can be averaged out over the thickness of the sample and thg B,, andB, , respectively, Eqs(2) and (3) reduce to
problem is reduced to the 1D case. Near the superconducting "

phase boundary the total magnetic field is equal to the sum of 20, 7TRi2(B| —Bop)
the stray field and an applied magnetic field. Therefore, the B=-B— (RI+RD) ( D L) (4)
vector potential may be expressed &A&)=A((r)+Br/2, o™ 0
whereAg(r) is the vector potential of the stray field aBds  and
an applied magnetic field. We represefitr) as a Fourier
expansion within the rang®,<r <R, and consider the co- T,  2£0)? 7RY (B~ Byp) 2
efficients of the expansion of the variational parameters. The 1- T_coo - Rf,— Ri2 D, -L
values of these parameters can be calculated by a minimiza-
tion of the free energy, yielding the solution of tHell
Ginzburg-Landau system of equations. The transition to the
normal state corresponds i=0. We have found that for
our sample and experimental conditions, only the first termfhe maximum critical temperatufg., can be found by the
in the Fourier expansion is important, that isjs constant ~minimization of the right-hand side of E¢(p) with respect to
within the sample, whereas all other terms are negligiblythe integer. Equation(4) gives the shift of thé(B) curve
small and practically do not affect the position of the phasealong theB axis close to thd,, caused by the presence of
boundary. an additional magnetic field. This shift is a sum of two con-
Figure 4 presents the superconducting phase boundaryjbutions. The first term is just a compensation of the stray
given as + T(B)/T., versus the normalized flup/®,. field B, within the loop. The second term describes the effect
T.m is the maximum critical temperature adg, is the su-  of the inhomogeneity of the stay field. This contribution be-
perconducting flux quantum. Applied fields parallel to thehaves rather nontrivially due to the discretenesd ofor
magnetization of the dot are taken as positive and vice versiénstance, when @(wa(Bop— B|)<0.5b,, it follows from
The open symbols are experimental data, whereas the soliq. (5) thatL=0, and the second contribution to the shift is
line corresponds to the theoretical curve fr=0.55um  negative. If the size of the dot and/or the intensity of the
andry=0.27um. The coherence length at zero temperaturestray field are increased @5<77Ri2(80p— B)<®q, L
&(T=0) has been used as a fitting parameter as it dependsvitches to 1, and the second contribution becomes positive.
upon the preparation procedure and can show moderathysically, this means that it is energetically more favorable
variations even amongst samples prepared simultaneouslpr the system to change the vorticity by 1 in order to de-
Due to the influence of the mesoscopic contacts, the outasrease the modulus of the current in the loop. As a result, the
radius has to be used as a fitting parameter, since the supeurrent and the total shift, defined by E¢g), can change the

x| RO) R, R? 5
nN=|—s——=|
R/ R2+R? ®)
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sign. Thus, we may conclude, that the contribution to theconducting loop with a magnetic dot at the center of the
shift, which is caused by the stray field inhomogeneity, is aopening and investigated the onset of superconductivity in
periodic function ofB,,— B, and vanishes in the case of a this structure by measuring the superconduclipd) phase
homogeneous fieldB,,=B,. The total shift of the J{B)  boundary. The phase boundary has been found to be asym-
curve along the B axis close to the,Jcan be of both signs  metric with respect to the polarity of an applied magnetic
for the same orientation of magnetization of the.dot field. The structure exhibits the maximum critical tempera-
Our calculations have shown that at low temperatures thgyre for a finite value of the applied magnetic field, which is
shift of the phase boundary is controlled only by the averag@ntiparallel to the magnetization of the magnetic dot. The
stray field within the loop and is equal teB,, which is in  heqretical superconducting phase boundary, obtained in the
accordance with the preliminary qualitative analysis. If theg.o nawork of the Ginzburg-Landau theory, is in a good

additional magnetic field were homogeneous, the shifts O&greement with the experimental data. It has been demon-

the T.(B) phase boundary for low and high temperatures, : ; :
would have the same direction. The inhomogeneity of th strated that the inhomogeneous stray field shifts THs)

, . . . . ephase boundary along th# axis independently in the low
stray f|gld gives rise to two dlfferen.t and mutually mdepen-and high temperature ranges. In the limit of a thin loop with
dent shifts of the phase boundary in the low and high temy large radius, these shifts are determined by the average

ger?_ture Langes, WZ'Ch’ In wrn, tWt'Sg t_hervh(Z‘rle SUPETCONYalue of the stray field in the opening of the loop and within
ucting phase boundary, as presented in Fig. 4. the loop.
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