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Angular dependence of the upper critical field in Nb/CuMn multilayers
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We present data related to the temperatuife énd angular(©) dependencies of the upper critical field
(H¢p) of Nb(superconductgrCuMn(spin glasg multilayers as a function of CuMn layer thickness and Mn
concentration. We observe two-dimensio2D) behavior for large CuMn thickness. As the CuMn layer
thickness is decreased, thig,(T) curves correspond to three-dimensiof®D) behavior, while theH,(O)
dependencies measured in the rahgd.5°,+ 1.5°] are more sensitive to the dimensionality of the system. In
particular, the experimental data reveal a-3BD crossover at very low angle when the Mn percentage is
increased at fixed CuMn thickness. This behavior can be related to vortex dimensionality change in anisotropic
superconductor§S0163-182€08)00905-9

The coexistence of superconductivity and magnetisnfor 3D Josephson coupled superconductors the angular de-
seems to play an important role in high-temperature supempendence H.,(O) obeys the Lawrence-DoniackLD)
conductordHTSC).12 To better investigate the mutual influ- equation*3
ence of these two phenomena it is possible to realize artifi-
cial multilayered structures consisting of superconducting
and magnetic layeréS-M-S structureg In such multilayers
one can easily control and change the anisotropy, the dimen- _ ]
sionality, and the nature of the coupling between the supevhere O is the angle between the film surface and the
conducting layers. Spin polarization in magnetic layers givegnagnetic-field direction an#i,, is the perpendicular criti-
rise to interesting effects, such as the anomalous temperatuf@! magnetic field. For a 2D-thin-film Tinkham has obtained
behavior of the anisotropy and the critical temperature os- the following expressior’
cillations versus the magnetic layer thickn@s$At the same _
time, theS-M-S structures present a special interest from the ‘ Hco(0)sino|
viewpoint of model systems for a better understanding of Heoy |
vortex mechanisms in HTSTIn fact, the superconducting
order parameter goes very fast to zerdinayers'® and this The general feature related to Edy) is that at© =0 (i.e.,
gives the possibility to usé-layer thicknesses of a few at parallel magnetic fie)d the first derivative is zero,
angstroms, practically of the same order of magnitude of thelH.,/d© =0, and the curve is smooth and “bell” shaped.
lattice constants in HTSC. Vice versa, from Eq(2) follows thatH,(0) has a cusp at

It is well known that in artificial multilayers the dimen- ©=0.
sionality can be changed with the temperature due to the The dimensional crossover has been observed also in
temperature dependence of the perpendicular coherent€TSC, confirming the layered structure of these materials.
length &, (T). In fact, when the coherence length(T) is  Measurements oH.,(0) in Bi,SrLCaCyOq films show a
larger than the nonsuperconducting layer thickness, thdimensional crossover from the isotropic 3D behavior at
multilayer behaves like a three-dimensiof@D) system and temperature close td, to the 2D thin-film behavior while
the temperature dependence of the parallel critical magnetiowering the temperatur®.
field, assuming the well-known Ginzburg-Landau equation, Recently, angular-dependent dimensional crossover in
is linear,H o= ¢ol2mé| €< (T.—T), while whené (T) is  Bi,SnCaCyOg thin films has been observed at fixed
smaller than the nonsuperconducting layer thickrmigssthe  temperaturé® In this case, theH,(©) curve follows Eq.
system is bidimensional2D) and H,;= ¢o/27d & (T, (1), but, at very low angle values, it presents a pronounced
—T)¥2 The existence of dimensional crossover was provedise with a cusp a® =0, indicating a 3D-2D crossover
also by measurements bff,, angular dependence for differ- induced by the field orientation relative to the film surface.
ent nonsuperconducting layers thicknesess it is known,  This behavior has been explained in terms of a model for
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TABLE |. Characteristics of six Nb/CuMn multilayer samplek, anddc,u, are, respectively, the Nb
and CuMn thicknesses, %Mn is the Mn concentration in the nonsuperconducting I8ygis, the ratio
between the 300 Kpsok, and 10 K,pqok, resistivities,M/m is the anisotropic Ginzburg-LanddGL)

mass ratio alT=4.2 K, and¢, is the perpendicular coherence lengthrat4.2 K.

Sample  dyp (B)  dogun (B) %M To (K)  Bio=psoor/piok  Paook (wcm) M/m £ (R)

NC16 230 16 0 8.05 2.52 25 4.3 92
NCM4 230 5 6.6 7.61 2.40 25 2.7 90
NCM16 230 19 6.6 5.92 2.45 27 23.0 49
NCM4A 230 4 14.4 7.08 2.24 28 2.6 91
NCM16A 230 16 14.4 4.57 2.25 30 96.0 34
NCM50A 230 50 14.4 4.79 2.15 28 55.0 54

layered superconductot§which describes the coupling be- tion curves when the temperature is fixed and the external

tween the layers using an electron interlayer interaction pamagnetic-field amplitude is varied. Our experimental errors

rametergs. are therefore comparable or lower than the dimensions of the
In this paper, we present the experimental data related tdata points in the figure.

the temperature and angular dependenciesHgf for For the samples with small values of the nonsupercon-

Nb(superconductoysCuMn(spin glasg multilayers. In these ducting layer thickness, (d,<10 A) the temperature and

systems we have observed changes in the dimensional b#re angularH., behaviors were related to the presence of

havior not only due to the perpendicular coherence lengtisurface superconductivity, independently from the Mn con-

temperature dependence or to the different nonsuperconductentration values. As an example, in Figa)lare shown the

ing layer thickness, but also due to the different Mn contentemperature dependencies of the parallel and perpendicular

in the CuMn alloy, without changing the temperature and thecritical magnetic fields for sample NCM4A. The solid lines

CuMn thickness. An angular-dependent-3RD crossover represent the linear best fits. The.,,(T) linear behavior

in the H,,(O) curve has been measured. We discuss this

behavior in terms of thg; model, which seems particularly o L I5

suitable for superconducting/spin-glass multilayers. .5l -y ST mre
The samples with a constant Nb thicknég80 A) and ‘ @1‘00 P
fixed number of bilayer$10) were grown on sapphir€ 00 20k Tos" 15T ”i: at
substrates using magnetically enhanced dc triode sputtering e20ms e
with a rotating substrate holder alternately passing over the 151 i

Hy (T)

0.
targetst® The bottom layer was always CuMn and the top 82 Oy 06 o8

layer was Nb. The magnetic phase composition was deter- 1o
mined by Rutherford backscattering spectroscopy analysis. I
Samples were characterized by four-point dc resistive transi-
tion measurement®(T,H) with an external magnetic field o , . ,
(0-5 T) applied both perpendicular and parallel to the sub- 04 05 06 07 08 09 10 11 12
strate surface. High-resolutioH., angular measurements (@) T,

were performed al =4.2 K. The angl€ between the film
surface and the external magnetic-field orientation was

26—

changed using a stainless-steel worm-gear rotation mecha- 2,4: J
nism placed in a liquid-helium bath. The angular resolution I
of the mechanism is equal to 0.02°. THe, value was ob- 221 .

tained at half of the resistive transitidR(T,H). The bias
current density was about 1 A/@mA superconducting sole-
noid with high uniformity of the field in the zone where the
samples were situated was used to produce magnetic field up
to 5 T. The characteristic features of the investigated samples
are summarized in Table I. In the case of CuMn thickness
deumn=16 A a Nb/Cu multilayer with similadc, value was 14 - o
also realized to compare the behavior between magnetic and i
nonmagnetic cases. In the inset of Fig. 1 are shown typical

transition curves of a Nb/CuMn multilayer witldcymn FIG. 1. (a) Perpendiculatsquaresand parallelcircles critical

=6 A and Mn concentration of 6.6%, taken in the presencenagnetic fields vs temperature for sample NCM4A. The solid lines
of external magnetic-field applied parallel to the plane of therepresent the linear best fits. The inset shows typical resistive tran-
film. The curves are only shifted to lower temperatures bysitions for our samples in parallel magnetic fie{td) Angular de-

the application of increasing magnetic fields, without anypendencé,(0) for sample NCM4A. The solid line is calculated
change in the width of the resistive transitions, which arefrom Eq.(2) (2D case¢. The dashed line is calculated from Hd)
sharper than 0.1 K. Similar behavior is shown by the transi{3D cas¢. The dash-dotted line is calculated from E8).
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reveals the 3D nature of the system and the ratio 20 7 T T T T T T, ' i
Hco /Heo =1.62 strongly indicates the presence of surface "».\
superconductivity. *

This suggestion is confirmed by the anguthy,(0) de- S % ]
pendence for this sample, shown in Figb)1 A smallH, %
rise around ©=90°, also observed for Nb/Cd, £ 10l |
Nb/Nb,O, ,?° and Nb/NbZr(Ref. 21) multilayers, is present 3 .
and can be described as an influence of the pinning centers 1
perpendicular to the film surfacdfor example, grain 05 2
boundarie®). The solid line in Fig. 1b) corresponds to the ¢
2D case[Eq. (2)] and the dashed line to the 3D cdd$sy. 00 . . L
(1)]. As was pointed out by Banerjee and Schulfewhen 04 05 06 07 08 09 10
there is a surface superconductivity contribution, the experi- () T,
mentalH,(O) dependence is very similar to that expected 16

from Eq. (2). In our case, for the NCM4A sample, the curve
is qualitatively similar to that obtained from E(®), but all

the points fall below the theoretical curves. As was shown in 121 .
Ref. 22, the angular dependence of the surface superconduct-

ing critical fieldH5 is given by .
08 |- 4

Iﬁ 06 - '

2

H.s(O
{ 2(9) o [1+tand X (1—sinO)] o4r )
HCZH 02} secccse —
+ [HL(G) sin e} =1. €)] 0'0-20 (I) 2|o ' 4|o ' slo ' slo ' 1(|)0
Heoo (b) e}

FIG. 2. (a) Perpendiculatsquaresand parallelcircles critical

The dashed-dotted line in Fig(d), calculated from Eq(3),  magnetic fields vs temperature for sample NCM50A. The solid
gives a better description of the experimental points. lines correspond to the linear best fits. The dashed lines correspond

A similar behavior has been observed in tHg,(0) de-  to H,(T)*(1-T/T.)¥2 (b) Angular dependenced () for
pendence of sample NC16, which hths=16 A. Due to the  sample NCM50A. The solid line is calculated from E8).
Mn absence in the nonsuperconducting layers, its anisotropic
Ginzburg-LandauGL) mass ratio, defined in the usual way to Tinkham'’s formula without using any free fitting param-
as the ratioM/m=(H, /H¢,)?, is equal to 4.3, much eter. The very good agreement between theory and experi-
smaller than the mass ratio observed, as an example, iment is evident.

sample NCM16A, which has a very simildy, value, but a In the intermediate range ofi, values, 10 A<d,
Mn percentage of 14.4% in the nonsuperconducting layers<30 A, we have observed an angular-dependent dimen-
(see Table)l sional crossover by changing the Mn percentage in the non-

In Fig. 2(a) we show theH ;»(T) dependencies for sample superconducting layer. In Fig(&® the H.,(T) dependencies
NCM50A, which hasd,=50 A with a Mn percentage of are shown for sample NCM16 with 6.6% of Mn. Solid lines
14.4%% Close toT, the Hg,(T) curve is linear while at represent the linear best fits and the agreement with the data
lower temperaturesT(<4.59 K) the behavior is no longer indicates the 3D behavior of the sample in the whole ob-
linear, starting to be square-root-like. As we pointed out beserved temperature range. For this sample we have per-
fore, this effect was observed in many superconducting mulformed high-resolutiorH.,(0) measurements in the range
tilayers and is related to a 352D crossovef* We wantto  [—1.5°, 1.59. The result is drawn in Fig.(B). As it is seen,
stress that the important parameter in order to observe thelose toO =0 theH,(0) curve is smooth and bell shaped,
Hco(T) dimensional crossover is the rafo(T)/d, and not  again indicating a 3D behavior at 4.2 K. The LD fit, solid
the anisotropic GL mass ratio. For a Josephson coupleline in Fig. 3b), obtained without free fitting parameters,
multilayer the 3D-2D crossover inH.,, should happen well describes the data in the region closéte 0. At higher
when &, (T)/(d,+dg)*0.72° whereds is the superconduct- angles,|©|>1°, the agreement between the LD fit and the
ing layer thickness. In our samples this ratio, with the valuesexperimental data is not very good. The anisotropic GL mass
of £, obtained from the Ginzburg-Landau dependence of theatio of this sample is 23.0, much higher than the value 2.8
critical fields!! was always lower than 0.40.3 for expected in the case of predominant surface superconductiv-
NCM50A). At the same time for the crossover point we getity effects. The disagreement between the LD theory and the
& (T)/d,>1. As an example, for sample NCM50A we have experimental data g©|>1° could probably be related to
¢ (T)/d,=1.5. We relate such a discrepancy with the casdhe different coupling mechanism in Nb/CuMn multilayers
of Josephson coupled superconductors to the different cowvith respect toS-1-S or S-N-S systemsg(with | andN, re-
pling mechanism between layers. Th&.,(O©) measure- spectively, denoting insulators and normal metals
ments, Fig. Bb), performed afl =4.2 K confirmed the 2D Models other than LD can be used to describe the inter-
nature of the sample. The solid line in Figbpcorresponds layer interaction irs- M-S multilayers, which are not limited
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FIG. 4. (a) Perpendiculatsquaresand parallelcircles critical

FIG. 3. () Perpendiculatsquaresand parallelcircles critical magnetic fields vs temperature for sample NCM16A. Solid lines
magnetic fields vs temperature for sample NCM16. Solid lines rep- t the li best fitd) Anaul i 0
resent the linear best fitéh) Angular measurementsi »(©), for represent the [inear best fitth) Angular measurements;(9),

f le NCM16A. Th lid line i Iculated fi .
sample NCM16. The solid line is calculated from E). or sample e solid line is calculated from Ed)

data points in figure, and does not follow the 3D curve ob-

to the case of the Josephson coupfit§?® In particular, tained by Eq.(1) without free fitting parameters. Therefore,
Schneider and Schmidt(SS proposed a model that takes the sample can be described as a 3D system at high angles,
into account the coupling between the layers in terms of anvhile at angles very close to zero it has a 2D behavior. This
interlayer interaction electron paramewgy. This model is angular-dependent crossover is similar to that observed on
not limited to the weak-coupling case and moreover, dependBi,SL,CaCyOg thin films'® and can be interpreted in terms
ing upon the sign ofjs, it can also describe the case whenof the g3 model. According to Schneider and Schmiifit,
the order parameter between adjacent layers change fromhen the system is in a temperature range close to the point
positive to negative, the so-calletlphase. The presence of where theH,(T) dependence changes from linear to square
such am phase inS-M-S multilayers has recently been sug- root, theH,(O) dependence presents a cusplike behavior at
gested to explain the critical temperature oscillations versu® =0 on the top of a bell-shaped curveig. 4 in Ref. 17.
the magnetic layer thickness® Therefore, one can observe this angular-dependent crossover

By increasing the Mn content in CuMn layers, we canfor temperatures at which thi,(T) curve still behaves
increase the anisotropy of the system, reaching the situatidinearly. In the case of ouH.,(©) measurements in Fig.
where at the same values of Nb and CuMn layer thicknessef{b) the angular range, where the 2D behavior is observed, is
the multilayer dimensionality might be changé&ke Table very small[—0.2°, 0.29. The angular experimental error in
). In Fig. 4a) we show theH.(T) curves for sample the H.,(T) measurements can be higher tha®.2°, and
NCM16A, which has layer thicknesses very similar to thosetherefore one can argue that this could be the reason for the
of sample NCML16, but a higher Mn concentration. The solidobserved linear behavior. It is then interesting to point out
lines are the linear best fits. The 3D behavior of the sampl¢hat all ourH,(©) measurements have been performed at
in the measured temperature and magnetic-field range is ew-2 K. At this temperature the rati§ /d, is 2.8 for sample
dent. The anisotropic mass ratio of sample NCM16A iSNCM16, while¢, /d,=2.1 for sample NCM16A. As already
higher, 96.0, than that measured in sample NCM16, 23.0pbserved, for sample NCM50A, which has the same Mn con-
confirming that we can change the anisotropy of this systengentration of sample NCM16A, the 3B2D crossover in
by only changing the Mn percentage in the nonsuperconducH ., (T) takes place wherg, /d,,=1.5. Therefore, sample
ing layers. For sample NCM16A thid;,(O) curve is bell NCM16A should behave linearly iRl ., (T) at 4.2 K, inde-
shaped at©|>0.2°, but rises sharply & =0, resultingina pendently from the angular experimental error. Sample
cusp, Fig. 4b). The rise inH,(O) is well above the experi- NCM16A, with a higher Mn concentration, has a smaller
mental error, which is of the order of the dimensions of the¢, /d, ratio at 4.2 K than sample NCML16, being closer to the
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point where theH,,(T) curve changes behavior. According resolution angular measurements of the upper critical mag-
to the SS model, this is the reason why the angular dimennetic field. The dimensionality of our samples was varied by
sional crossover is observed in sample NCM16A and not irchanging both the CuMn layer thickness and the Mn percent-
sample NCM16. age. The 2D behavior for sample NCM50A was unambigu-
The physical nature of such an unusttal, (©) depen-  ously confirmed both by temperature and angular measure-
dence could be traced back to vortex dimensionality changegents, while for smalled,, values ¢1,<10 A), the effects of
in anisotropic superconductdfs?’ In fact, close to the syrface superconductivity were predominant. At intermediate
3D—2D crossover temperature for thé., (T) curve, the d, values, 16:d,<30 A, theH,, dependencies are linear,
adjacent superconducting layers are only weakly interactingpgicating 3D behavior, while the angular measurements per-
When 6=[0.27 the vortex lines in the multilayers have formed with high-resolutioridown to 0.027 revealed an an-
probably a “staircase” fornt® where 2D pancake Abrikosov gular 3D—2D crossover similar to that observed in
vortices are connected through Josephson-like vortices. Bi,Sr,CaCy0s filmst® as the Mn concentration is increased.

Changing the orientation of the external magnetic-fieldris result confirms the special interest in studyBdV-S

relative to the layers, one can decouple them in the limit ofy ificiq| multilayers as model systems to better understand
perfect alignment ® =0) reaching the situation where the many properties of the HTSC compounds.
vortices with Josephson-like cores in the zones between ad-

jacent superconducting layétsare no longer connected A.N.L. acknowledges the Russian Ministry of Science
through 2D pancake vortices. and S.L.P. acknowledges the Belarus Basic Research Foun-

In conclusion, we have examined the dimensionality ofdation for financial support. This work is a part of the Inter-
the Nb/CuMn multilayers by means of temperature and highnational AssociatiofINTAS) Project No. 94-1783.
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