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Intrinsic pinning, commensurability, and reentrant behavior
on superconducting Mo/Si multilayers

Nina Ya. Fogel, Mikhail Yu. Mikhailov, Yuri V. Bomze, and Olga I. Yuzephovich
Institute for Low Temperature Physics and Engineering, 47 Lenin Avenue, 310164 Kharkov, Ukraine

~Received 21 September 1998!

A reentrance phenomenon is found on Mo/Si multilayers which occurs in parallel to the layers and slightly
inclined magnetic fields. This effect may be explained in terms of the intrinsic pinning and vortex lattice~VL !
commensurability with the underlying layered structure. The locations of the zero-resistance regions corre-
spond to stable VL configurations or to the transitions between two commensurate lattices. It is suggested that
this resistive method may be used as a tool to study VL structure in layered superconductors.
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The vortex lattice~VL ! structure in layered superconduc
ors differs essentially from the simple triangular one o
served in homogeneous type-II superconductors, unless

magnetic fieldHW is parallel to thecW axis. Different types of
arrangements of VL are predicted theoretically for the ca
when the magnetic field is parallel or tilted with respect
the layer planes. Ami and Maki1 studied the stability of dif-
ferent VL configurations for a parallel magnetic fieldH i tak-
ing into account that the ‘‘resonance condition,’’ i.e., t
commensurability between the VL parameter and the pe
of the layered structure, plays an important role. The outb
of activity in the study of the VL structure in layered supe
conductors occurred after discovery of high-Tc compounds.
Different theoretical approaches including anisotropic thr
dimensional London and Ginzburg-Landau~GL! models, as
well as the Lawrence-Doniach~LD! model, were used. Ac
cording to the results of Ref. 2 obtained within the Lond
approximation, the unit cell of the VL should be strong
distorted with respect to the equilateral triangle and VL p
rameters should depend intrinsically on the anisotropy
rameterg5(M /m)1/2 and the angle betweenHW and the an-
isotropy axis. HereM is the effective mass alongcW , andm is
the in-plane mass. The commensurability effect is outside
scope of this work. The latter was considered in the pape
Ivlev, Kopnin, and Pokrovsky3 ~IKP!. It was shown that in
the case ofH i , when the intrinsic pinning energyEp exceeds
the elastic energy of a VL shear deformationEel , the vorti-
ces cannot cross the layers, the periodZ0 along cW is fixed,
and it is determined by the initial conditions under which t
VL was formed. This means that the VL should always
commensurable with the layered structure periods ~the dis-
tance between vortices in the direction normal to the lay
Z05Ns, whereN is an integer!, and independent of the ex
ternal field, while the unit cell area varies with a field on
due to the vortex displacements along the layers. In the
posite limit case the VL parameters are determined by
applied magnetic field. It was shown that the free energy
the rhombic lattice in the commensurate state as a func
of H displays two minima corresponding to the different o
entations of the unit cell vectors with respect to the la
planes. In the instability region there are many metasta
states corresponding to the different displacements of
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vortex rows relative to each other in the neighbori
interlayers.3–5 They can be dynamically accessible at theH
variation.4 In the framework of the LD approach for rela
tively high parallel magnetic fields a sequence of first-ord
phase transitions between VLs with differentN is predicted.6

For the tilted fields many versions of the vortex arrangem
are suggested.7–9 The idea of an independent response of
layered superconductor to the parallel and perpendic
components of a magnetic field10 is exploited in many works.
The most exotic among possible VL configurations in t
tilted magnetic fields is the so-called combined lattice co
sisting of two vortex ‘‘species’’ oriented in differen
directions.7–9 Obviously, due to the nonstandard VL stru
ture and intrinsic pinning, many unusual effects can arise
layered superconductors. In the tilted fields the direction

the magnetization vectorMW in many cases does not coincid
with the external field direction.2,11,12 In parallel magnetic
fields the critical current should be an oscillating function
magnetic field.1 This was observed experimentally a
well.13–15

Here we report on the effect observed on Mo/Si artific
superlattices whose origin may be connected with intrin
pinning, the commensurability phenomenon, and the spe
ics of VL structure in layered superconductors. In a para
magnetic field and in tilted fields at relatively small tiltin
angles the reentrance of superconductivity with an incre
of the magnetic field is observed. Resistivity vs magne
field H dependences below a definite temperatureT0 became
nonmonotonic. At some value ofH the resistance minimum
appears which becomes more pronounced with tempera
lowering and transforms into a large zero-resistance reg
~ZRR! at still lower temperatures. After the ZRR the res
tance appears again. The critical currentI c dependence onH
is also nonmonotonous, and all features ofR vs H and I c vs
H curves correlate. These effects are very sensitive to
magnetic field orientation and depend essentially on
magnetic history. It is shown that all features of the ree
trance behavior may be explained quantitatively if one ta
into account different possible realizations of VL structure
layered superconductors. It is suggested that the reentr
phenomenon discovered may be used as an instrumen
VL structure investigations.
3365 ©1999 The American Physical Society
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The experiments have been carried out on two Mo
multilayered samples: sample A with Mo layer thickne
dMo522 Å and Si layer thicknessdSi534 Å, and sample B
with the samedMo value anddSi value of 44 Å. The number
of bilayers in both samples is 50. The sample preparatio
described in Refs. 16 and 17. The sample wavelength
individual layer thicknesses are determined from small-an
x-ray diffractometry with an accuracy of 0.1 Å. The numb
of satellite lines on diffractograms for the samples inve
gated is 4, while for multilayers with wavelengths equal
exceeding 100 Å this number is about 10 or greater. Th
data testify about the high regularity of the layering. T
same conclusion follows from an electron microscopy inv
tigation of the sample cross section. The latter shows as
that the roughness of the interfaces does not exceed 7–8
The measurements were performed with a 5 Tsuperconduct-
ing magnet. At all orientations ofHW with respect to the layers
the transport currentIW directed along the layers was alwa
perpendicular toHW . The precision of theHW alignment with
the layer planes was about 0.2 °. The stabilization of
temperature during a field sweep was no worse t
1023 K.

In Fig. 1~a! the resistance as a function ofH at different
temperatures for the angleQ50 ° is shown for sample A
(Q50 ° for HW parallel to the layers!. Beginning from some
reduced temperature (t50.96) on anR vs H curve a step
appears which develops at lower temperatures into a m
mum. At furtherT diminishing instead ofR minimum the
zero-resistance region appears which manifests the r
trance of superconductivity. After the ZRR at still larg
fields the resistance appears again. As we keep going d
in temperature, the ZRR becomes wider, and in the lo

FIG. 1. Resistance as a function of parallel magnetic field
different reduced temperaturest5T/Tc for sample A ~a! and
sample B~b!. Tc for both samples is about 3.7 K. The arrows sho
values ofHs andHn ~see the text!.
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temperature limit theR maximum belowH51.8 T disap-
pears. Thus, reentrance behavior exists in a range betw
T0 and some lower temperatureT8. For understanding the
reentrance phenomenon scale it should be mentioned tha
normal resistance of sample A is 42.4V. The resistance as
a function ofH i for another sample is shown in Fig. 1~b!.

The reentrance behavior is very sensitive to the devia
of theHW orientation from parallel to the layer planes~Fig. 2!.
Already at a slight deviation the radical change in theR vs H
behavior appears. If measurements are made at a temper
where ZRR states in the fieldH i are observed, atQÞ0 °
instead of the reentrance behavior only steps are seen onR vs
H curves. IfT,T8, like in Fig. 2, in the tilted fields theR
minima are observed until some critical angleQcr . Thus, the
field rotation appears equivalent to the ‘‘effective tempe
ture’’ change.

The reentrance phenomenon is also very sensitive to
magnetic history. When one begins measurements with
first switching on of theH sweep at sufficiently low tempera
ture, another realization ofR vs H curves atQ50 ° in the
samet range may be obtained. Such another realization
sample A is shown in Fig. 3. In this case two ranges of ZR
are observed; i.e., the reentrance of superconductivity ar
twice during one magnetic field sweep.

The natural assumption explaining the appearance of Z
states is connected with the nonmonotonic dependence o

t

FIG. 2. Resistance as a function of magnetic field for differe
orientations with respect to the layer planes for sample A.

FIG. 3. Resistance as a function ofH i at the different tempera-
tures for sample A for a case when att50.882 the sample was in a
virgin state. Thick arrows show values ofHs ; thin vertical ones
mark additional features ofR vs H curves described in the text.
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critical currentI c on magnetic field. Provided there are o
cillations in I c vs H curves, one may expect that for the fiel
around theI c maximum the fixed transport current appears
be less thanI c , and correspondingly the resistance is abs
~ZRR state!. In the meantime, in the fields around theI c
minimum the conditionI .I c may be satisfied, and a nonze
resistance should be observed. The measurements ofI c vs H
dependences confirm this supposition as Fig. 4 shows. H
for the sake of clarity we have chosen the situation with
resistance minimum instead of one with the ZRR. TheI c
dependences onH are indeed nonmonotonic. Positions of t
minima on theR vs H curve coincide with the locations o
the maxima on theI c vs H curve and vice versa. Figure
shows the third realization, characteristic for sample A.

For the interpretation of the data obtained let us, first
all, determine the physical meaning of the temperatureT0
where the signs of developing ZRR states appear. It follo
from the experimental data that at this temperature the tr
verse coherence lengthj'(T) becomes equal to or less tha
s/2; i.e., beginning fromT0 the confinement of the vorte
cores between superconducting layers starts to develop
sample A the valuej i(0)563 Å, g511.8,j'(0)55.5 Å. At
T053.52 K the valuej'(T0)527 Å, 2j'(T0)&s556 Å.
When the vortex cores fit into the insulating interlayers,
trinsic pinning should become more pronounced, and a t
sition to the limitEp.Eel may be expected. Thus,T0 mani-
fests by itself the transition to the regime of strong layerin3

The same situation is observed for sample B.
A large variety of possible VL configurations is propos

as follows from the papers cited above. Among them th
are VL arrangements corresponding to the commensurate
tices. When the intrinsic pinning energy is larger than
elastic energy of a shear deformation of the VL, the lat
should be commensurate with the multilayer wavelength
all magnetic field values.3 According to IKP the stable state
of the commensurate lattices correspond to a rhombic la
with rational values of the apex anglep/3 and 2p/3 @in the
frame of reduced coordinatesx,zA(M /m); x is a direction
along the layers, andz is along c axis#. The conditions of
stability look as follows:

p5p/A3, p5pA3. ~1!

FIG. 4. I c and R as a function of magnetic field for sample
(Q50 °). The critical current was determined by criterion 1mV.
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Herep is a reduced magnetic field:

p52pN2s2gH/F0 . ~2!

Using formulas~1! and ~2! one can defineHs values corre-
sponding to the stable states~i.e. to the free energy minima!
for different commensurability orders. The anisotropy p
rameterg is equal to 11.8 and 23.5 for samples A and
respectively. For sample A atN51 we have the following
values of the magnetic fieldHs at two stable states: 4.77 T
and 1.59 T. AtN52 theHs values are 1.19 T and 0.4 T, an
for N53 they are 0.53 T and 0.18 T. Because of the re
tively large wavelengths in our multilayers theHs values
corresponding to the low orders of commensurability are
the accessible range of magnetic fields in contrast to highTc
compounds with smalls values. It appears that two values
Hs for N51 are in both ZRR ranges for sample A~these
values are shown by thick arrows in Fig. 3!. Such a situation
when Z0 stays the same during the variation ofH corre-
sponds to the strong pinning limit. The twoR minima in Fig.
4 may be identified as IKP stable states forN51 and N
53. The difference in the data of Fig. 3 and 4 may be attr
uted to the variation of the initial state when the VL was fi
formed.

As was mentioned above, beside the stable VL confi
rations considered by IKP rather different VL states m
exist which are dynamically accessible at the magnetic fi
variation.3–5 Under the conditions of strong pinning and rel
tively small magnetic fields, the shear instability of the co
mensurate lattice leads to the breaking of symmetry: ne
boring vortex chains locked between superconducting lay
may be shifted one relative to the other.4 A lot of these
‘‘shifted’’ lattices correspond to the metastable states, i.e.
the local minima of free energy. The trajectory of the d
namically accessible minimum which starts from symmet
VL goes through a sequence of bifurcation and quasibifur
tion points, and this trajectory is not uniquely defined. Wh
the magnetic field varies, the trace of the absolute minim
jumps randomly between different metastable states.4 One
may believe that the metastable states of the VL may
probed in dynamic experiments, i.e., by resistive or criti
current measurements. We suggest that a number of a
tional features observed onR vs H curves~like steps, kinks,
or abrupt changes of curvature; see thin arrows in Fig.!,
along with the main minima, may be evidence of the abo
discussed dynamically accessible metastable states.

As is expected,3 all the data are sensitive to the magne
history. The dependencesR vs H and I c vs H are hysteretic.
The hysteretic behavior of the phenomena observed and
data obtained in the tilted fields will be discussed elsewhe

The predictions about the VL structure in layered sup
conductors obtained in the paper of Bulaevskii and Cle6

~BC! in the framework of the LD model which takes int
account the Josephson nature of the interlayer coupling
rather different from those obtained on the base of a thr
dimensional anisotropic London or GL approach. The se
of the phase transitions between different commensu
phases should occur at definite magnetic field valuesHn
which depend ong and the multilayer wavelength. For thi
effect the value of the characteristic fieldH05F0 /gs2

where Josephson cores of the vortices begin to overla
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essential. For sample A this characteristic fieldH0 is equal to
5.51 T. The transition between commensurate phases c
sponding toZ05s andZ052s should occur in the fieldH1
'H0/351.84 T, while another transition~between the
phases withZ052s and Z053s) in the field H2'H0/8
50.69 T. The position of the minima in Fig. 1~a! is just
consistent with the fieldH1 estimated above on the base
the LD model results of BC. However, at the field close
H250.69 T there is only a peculiarity on the derivativ
dR/dH ~the latter becomes zero at sufficiently lowt).

It is rather puzzling that in spite of the differences in t
approach and predictions of GL and LD models, one can
on the same sample patterns corresponding to both scen
in the same range of magnetic fields. Nevertheless, it is
vious that the location of the minima in Fig. 1~a! cannot be
explained in the IKP GL model, while they are in agreeme
with the results of the LD model of BC. Meanwhile the da
of Figs. 3 and 4 are consistent only with IKP theory pred
.
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tions. As for sample B, the positions of theR minima esti-
mated from IKP theory forN51 @Fig. 1~b!# are consistent
with experimental data.

In summary, a reentrance phenomenon has been foun
Mo/Si multilayers which occurs if the magnetic field
aligned along the layers or slightly tilted with respect to t
layer planes. The reentrance behavior is related to the e
of intrinsic pinning and to the specifics of VL structure
layered superconductors. Locations of theR vs H minima
and ZRR correspond either to the stable states of the c
mensurate VL or to the transitions between two commen
rate lattices with differentZ0 . The results obtained allow on
to conclude that the investigation of the reentrance beha
may be used as a tool to study the VL arrangement in laye
superconductors.

The authors are very grateful to S. A. Yulin for technic
assistance with the sample characterization.
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