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We report experimental results of the vortex lattice structure investigation in the artificial
superconducting Mo /Si and W /Si superlattices. The resistance R and critical current I, measure-
ments in parallel magnetic fields have been performed as well as measurements in tilted magnetic
fields. At temperatures where condition of strong layering is satisfied the dependences Ic(H||) and
R(HH) reveal oscillation behavior. It is shown that the appearance of oscillations and of reentrant
behavior (vanishing of resistivity in definite ranges of HH) are due to the strong intrinsic pinning
and to the effect of commensurability between the vortex lattice period and multilayer wavelength.
The locations of [c(HH) and R(H)) extrema correspond to the stable states of a commensurate vortex
lattice. Our experimental data are in good quantitative agreement with Ivlev, Kopnin, and
Pokrovsky (IKP) theory. It is shown that the values of the commensurability fields depend exclu-
sively on the superlattice period s and anisotropy coefficient y and do not depend on the type of ma-
terials used for multilayer preparation. The memory effect, i.e., dependence of the oscillation pat-
tern on the magnetic history of the sample, is observed. It is shown experimentally that the state of
the vortex matter in the layered superconductors is essentially different from that of type-II super-
conductors with a random distribution of the pinning centers. Investigation of oscillation and
reentrance behavior may be used as a new tool for vortex lattice arrangement study in layered super-
conductors. The essential advantage of this method is connected with its simplicity and with the pos-
sibility of using it in arbitrary large fields. Investigations of the commensurate states may be used

for rather precise determination of the anisotropy coefficient y.

PACS: 74.78.Fk, 74.25.Qt

Introduction

The vortex lattice (VL) structure in layered super-
conductors differs in many aspects from the simple tri-
angular one observed in homogeneous type-11 super-
conductors, unless the magnetic field H is parallel to
the ¢ axis of the system considered. Different types ar-
rangements of VL are predicted theoretically for the
cases when the applied magnetic field is parallel or in-
clined with respect to the layer planes. The first the-
ory concerning VL structure in the layered supercon-
ducting systems consisting of alloys with periodic
modulation of the component concentration appeared
many years ago [1]. It was shown that the spatial vari-

ation of the impurity concentration might be consid-
ered as a regular pinning potential. Ami and Maki [1]
have studied the stability of different VL configura-
tions in the Ginzburg—Landau (GL) approximation
for parallel magnetic field H) taking into account that
the «resonance conditions», i.e., the commensura-
bility between vortex lattice parameter and layered
structure period, plays an important role. In the vicin-
ity of the upper critical field H in the commensurate
state the triangular VL, with different orientations of
the vortex unit cell vector with respect to the layers,
appeared to be stable. The values of magnetic fields
H, corresponding to the resonance conditions have
been obtained. In the framework of this theory they
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depend exclusively on the superlattice period s. At
these fields the maxima of the critical current I,
should be observed. It appeared that the Ami and
Maki model described fairly well the dependence of I,
on H| obtained on the modulated PbBi alloys [2].
Interest in the commensurability effect and in the
properties of the VL structure has been renewed after
discovery of the high-temperature superconductivity in
the layered oxide compounds. Especially essential
progress was achieved in the area of the vortex lattice
structure theory. Different theoretical approaches in-
cluding anisotropic three-dimensional (3D) London
and GL models as well as the Lawrence—Doniach (LD)
model, were used. According to the results of Ref. 3 ob-
tained within the London approximation in the field
domain H 4 << H << Hy the unit cell of the flux line
lattice should be strongly distorted with respect to the
equilateral triangle. Choosing the primitive cell of the
VL as a hexagon, Campbell, Doria, and Kogan [3] ob-
tained the unit cell parameters of VL, which depend in-
trinsically on the anisotropy parameter y = (M /m) 1/2
and the angle between H and the anisotropy axis. Here
M is the effective electron mass along the ¢ axis, and m
is the inplane mass. The commensurability effect has
been outside the scope of this work. The latter was con-
sidered in the papers of Ivlev, Kopnin, and Pokrovsky
[4—6]. Tt was shown [4] that in the case of parallel
field, when the intrinsic pinning energy E p is much
greater than the elastic energy of a VL shear deforma-
tion E, the vortices cannot cross the layers. In this sit-
uation the period Z along the ¢ axis is fixed, and it is
determined by the initial conditions under which the
VL was formed. This means that the VL should always
be commensurable with the layered structure period s
(the distance between vortices in the direction orthogo-
nal to the layers Zy = Ns, N is an integer). It is inde-
pendent of the external field, while the unit cell area
varies with a field only due to the vortex displacements
along the layers. In the opposite limiting case the VL
parameters are determined by the external magnetic
field. Tt was shown that the free energy of the rhombic
lattice in the commensurate state as a function of H dis-
plays two minima corresponding to the different orien-
tations of the unit cell vectors with respect to the layer
planes [4]. There are a lot of metastable states in the in-
stability region of the rhombic lattice corresponding to
the different displacements of the vortex rows relative
to each other in the neighboring interlayers [4,7]. The
number of such states grows at low magnetic fields.
They can be dynamically accessible upon H variation
[7]. In the framework of the LD approach for relatively
high parallel magnetic fields a sequence of first-order
phase transitions between VLs with different N is pre-
dicted [8]. The range of the stability of the VL struc-
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tures with the different orders of commensurability N
was investigated theoretically in Ref. 9.

For the tilted magnetic fields many types of the
vortex arrangement are suggested [10—19]. The idea of
an independent response of the layered superconduc-
tor to the parallel and perpendicular components of
magnetic field [20] is exploited in many works. The
most exotic among possible VL configurations in the
tilted magnetic fields is the so-called combined lattice
consisting of two vortex «species» oriented in differ-
ent directions (see, for example, Refs. 10-15, 18, 19,
21). Such a configuration of VL may appear only in a
case of a rather large y [10,12]. One of the coexisting
sublattices is oriented along ¢ axis; another may be
parallel to the layers [13] or oriented along the exter-
nal field [11]. In the vicinity of H for the tilted mag-
netic fields the vortex configuration consisting of
flux-line chains is predicted [17]. Such vortex chains
in the weak field range have been observed in decora-
tion experiments on high-T, superconductors [22—24].

Obviously, due to the nonstandard VL structure
and intrinsic pinning, many unusual effects can arise
in layered superconductors. First of all, in a tilted
field the direction of the magnetization vector M in
many cases does not coincide with the external field
direction [3,16,25]. Depending on the misorientation
angle, anisotropy parameter and magnetic field do-
main, the vector M may be oriented either closely to
the ¢ direction of the layered structure [3], along the
layer planes [11,25], or along the applied field direc-
tion [11]. Even magnetization M antiparallel to the
external field H is possible [3,26]. In parallel mag-
netic fields due to the intrinsic pinning and commen-
surability effect the critical current (when the trans-
port current flows in the layer planes) should be an
oscillating function of magnetic field [1,4]. This re-
sult was obtained experimentally, as was mentioned
above, on alloys with a spatial modulation of the com-
ponent concentration [2] and on Nb,/Ta multilayers
[27]. The theoretical results cited above have been ob-
tained mostly for high-T, superconductors. These re-
sults should be relevant for the artificial multilayers
as well. The essential advantage of the artificial
superlattices for the VL structure study is their tuna-
bility, i.e., the possibility of easily changing their pe-
riodicity and anisotropy parameter. Moreover, the
present-day technology of their preparation is very so-
phisticated, and exceptionally perfect superstructures
may be obtained.

Here we report on a new effect observed on Mo /Si
and W /Si artificial superlattices, whose origin may be
connected with the intrinsic pinning, the commen-
surability phenomenon, and the specifics of the VL
structure in layered superconductors. In a parallel mag-
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netic field and in tilted fields at relatively small tilting
angles with respect to the layer planes the reentrance to
the state with zero resistivity with increase of the mag-
netic field is observed. The reentrance phenomenon is
detected by the resistive method. The resistivity vs
magnetic field H curves below a definite temperature
T, become nonmonotonic. At some value of the exter-
nal magnetic field a resistance minimum appears which
becomes more pronounced with decreasing temperature
and transforms into a large zero-resistance region
(ZRR) at still lower temperatures. After the ZRR the
resistance appears again. These effects are very sensi-
tive to the magnetic field orientation. It is shown that
all the features of the reentrance behavior may be ex-
plained quantitatively if one takes into account differ-
ent possible realizations of VL structure in layered
superconductors. It is suggested that the reentrance
phenomenon discovered could be used as a new power-
ful instrument for the VL structure investigations,
which, in distinction from other known methods, is
valid for arbitrary high fields. A brief report about
some of the results described below for Mo /Si SLs has
been published in Ref. 28.

Sample preparation and experimental methods

For the experiments the Mo /Si and W /Si multi-
layered samples where only spacer thickness and, corre-
spondingly, anisotropy parameter is varied have been
chosen (Table). At such a choice mainly the parameter
y changes, and it allows one to study evolution of the
reentrant and oscillation resistive behavior with y vari-
ation. The interlayer coupling energy changes with the
spacer thickness exponentially [29], and the anisotropy
changes quickly as well.

Table. Parameters of multilayered samples

Mo w

Multi- layer | layer | Si layer |Number

Sam- layer thick- | thick- [thickness of Y T, K
ple
type ness ness dg, A bilayers
dMo, Aldw, A

A | Mo/Si 22 28 30 5.7 | 417
B | Mo/Si 22 34 50 11.8 | 3.67
C | Mo/Si 22 44 50 23.5| 4.15
D | W/Si 20 30 10 3.2 | 3.32
E W /Si 20 40 10 15.2 1 2.92
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The Mo/ Si multilayers were prepared by dc mag-
netron sputtering in argon onto glass substrates. The
W /Si multilayers were prepared by e-beam evapora-
tion onto oxidized Si (100) wafers. More details may
be found in Refs. 29-31. The sample wavelength and
individual layer thicknesses are determined from small
angle x-ray diffractometry with the accuracy 0.1 A. Si
layers in multilayers are amorphous. The metal layers
have fine crystalline structure.

Measurements were performed with 5T supercon-
ducting magnet. At all orientations of H with respect
to the layer planes the transport current I directed
along the layers was always perpendicular to H. The
precision of H alignment with the layer planes was
about 0.2°. The stabilization of the temperature dur-
ing a field sweep was no worse than 107 K. The
zero-field resistive transition width for the all samples
was no more than 0.15 K.

The values of the anisotropy parameter y were ob-
tained from measurements of the critical magnetic
fields H (T) and H,, (T).

Experimental results and discussion

In Fig. 1 the resistance as a function of magnetic field
at different temperatures for angle 6 =0° is shown for

Fig. 1. Resistance as a function of magnetic field for Mo /Si
sample B (angle 6 =0°) at different temperatures T, K:
(@) 3.557 (1); 3.535 (2); 3.520 (3); 3.508 (4); 3.495 (5);
(b) 3.456 (1); 3.420 (2); 3.377 (3); 3.314 (4); 3.214 (5).
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The resistance as a function of parallel magnetic
field for Mo /Si sample A with a wavelength 50 A is
shown in Fig. 2. A similar plot for sample C (s =66 A)
has been presented in Ref. 28. For all samples the
magnetic field values corresponding to the ZRRs and
to the resistance minima are different.

It is noteworthy that different patterns of R vs H),
curves may be obtained on the same sample. The
reentrance phenomenon is sensitive to the magnetic
history. For example, when one starts measurements
with the first switching on of the magnetic field sweep
at sufficiently low temperature, another realization of
the R vs H curves at © =0° in the same field range may
be obtained. Such another realization for sample B is

shown in Fig. 3. As follows from this figure, the
reentrance of superconductivity may arise twice dur-

Fig. 2. Resistance as a function of parallel magnetic field for
Mo /Si sample A at different temperatures T, K: 3.788 (1);
3.779 (2); 3.765 (3); 3.750 (4); 3.731 (5); 3.711 (6).

Mo /Si sample B with the wavelength 56 A (6 =0° for
magnetic field parallel to the layers). Starting at some
reduced temperature (¢ = 0.96 in this case) steps appear
on the R vs H curves, which at lower temperatures de-
velop into minima. With further decrease of T instead of
resistance minima, zero-resistance regions (ZRR) appear
(Fig. 1,b), which manifest the reentrance of supercon-
ductivity with the applied field increase. After the ZRR
at still larger fields the resistance appears again. As we
keep going down in temperature, the ZRR becomes
wider, and in the low temperature limit, the R maximum
dividing two minima vanishes (plot 5, Fig. 1,b). Thus,
reentrance behavior exists in a limited temperature
range between T, and some lower temperature 7'. For
understanding the reentrance phenomenon scale it
should be mentioned that the low-temperature normal
resistance of sample B is 42.4 Ohm.

0.05 l l
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Fig. 3. Resistance as a function of magnetic field for
Mo /Si sample B (another realization) at different temper-
atures T, K: 3.236 (1); 3.218 (2); 3.172 (3); 3.077 (4).
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ing one magnetic field sweep. The third realization for
this sample is shown in Fig. 4. None of the patterns
observed on sample B coincides with those registered
for other samples.

The features of the resistive curves in a parallel
magnetic field depend essentially on the transport cur-
rent (Fig. 5). At relatively small currents (plot 7 in
Fig. 5) the resistive state first appears at rather large
magnetic field. Until this field the Lorentz force is too
small for overcoming of the pinning barrier. At a

30

Fig. 4. a — Resistance as a function of magnetic field for
Mo /Si sample B (the third realization) at different tem-
peratures T, K: 3.462 (1); 3.459 (2); 3.453 (3); 3.447 (4);
3.441 (5). b — Critical current as a function of magnetic

field for this sample at T = 3.4 K.
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Fig. 5. Resistance as a function of magnetic field for

Mo /Si sample B at T = 3.37 K for different transport cur-
rents: 0.5 (1); 1.0 (2); 1.5 (3); 2.0 (4); 2.5 (5) mA.

higher current (plot 2) the resistance is already ob-
served in the weak field range, but at intermediate
fields the reentrance of superconductivity is observed.
Further current increase leads to the appearing of a re-
sistance minimum (plot 3) instead of the ZRR. Thus
the correct choice of the transport current value is cru-
cial for the observation of the ZRR and nonmonotonic
R vs H) dependence behavior. As we will see below,
the most informative are the resistive curves of the
plot 3 kind.

From comparison of Fig. 4 and 5 it follows that di-
minishing of temperature and diminishing of the
transport current give rise to similar evolution of the
resistive transitions. In the former case the pinning
barrier increases, while in the latter case the Lorentz
force decreases. Because the Lorentz force should
counterbalance intrinsic pinning for the vortex mo-
tion, it is obvious that both factors influence the resis-
tive behavior identically. If one wants to investigate
the larger part of the H)|—T phase diagram, it is neces-
sary to enhance the transport current value at the re-
duced temperature. The temperature T' appears to be a
function of transport current, and this temperature
may be set as low as one wishes.

In the temperature range between T; and T’
hysteretic behavior was observed. Some examples of
hysteretic curves are shown in Fig. 6. Though the re-
sistance in the increasing and decreasing magnetic
fields differs markedly, the positions of the extrema,
as a rule, coincide. Similar hysteretic behavior is ob-
served for all samples and for all detected realizations.

The R vs H|| dependences at different temperatures
for W /Si sample D (s = 50 A) are shown in Fig. 7.
The resistive curve patterns obtained on this and other
W /Si SLs are similar to those obtained on Mo /Si
samples. In the resistive transition realization pre-
sented in Fig. 7, the resistance minima and ZRRs ap-
pear at three different fields. On W /Si multilayers
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Fig. 6. Hysteretic behavior of resistance for Mo/ Si sam-
ple B at temperature T = 3.236 K.

HT

the hysteretic behavior and the transport-current de-
pendence of the resistive curve are akin to those
observed on Mo /Si SLs.

The reentrance behavior is sensitive to the devia-
tion of magnetic field orientation from parallel to the
layer planes. It is illustrated by Fig. 8 where the resis-
tance as a function of magnetic field is shown for dif-
ferent angles 6. When the misorientation angles be-
tween H and the layer planes are very small the
resistance increases with angle growth, but all the fea-
tures of the resistance transition at 6 =0° hold, the
positions of the R minima do not shift (Fig. 8,a), and
the reentrance phenomenon also takes place. It was
shown that such a behavior on Mo /Si multilayers is
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Fig. 7. Resistance as a function of magnetic field at differ-
ent temperatures for W /Si sample D in the temperature
range 2.895-2.488 K.
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an indication of the lock-in transition at small angles
0 < 0., [32]. In this 8 range the vortices are trapped in
a position parallel to the layers though the applied
magnetic field is tilted with respect to the layers. The
0., is usually defined as the angle where the directions
of the external magnetic field and of the induction in
the sample begin to coincide. The maximal value of
0., for sample B is about 2°. At the larger angles in a
case of sufficiently low temperatures the minimum po-
sition as well as all resistive curves shift to the smaller
H side, and this shift increases with growth of 0 (Fig.
8,b). At another critical angle 0., the resistance mini-
mum disappears. Both angles 0., and 0, depend on
the temperature. Most probably, the observation of
patterns similar to those typical for commensurate
states in a parallel field [28] over a wide angle range
may be considered as evidence of the existence of the
combined vortex lattice predicted in Refs 10—17. This
question will be discussed in detail elsewhere.

As was natural to expect, oscillations of the critical
current I, are observed along with the resistivity os-
cillations (Fig 4,b). The positions of the minima on
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Fig. 8. Resistance as a function of magnetic field for dif-
ferent angles 0 at T = 3.440 (a) and 3.193 K (b) (Mo /Si
sample B).
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the R vs H|| curves coincide with the locations of the
maxima on . vs H| curves and vice versa. The
dependences of the critical current on H) display
hysteretic behavior, too. Thus the explanation of the
unusual patterns characteristic for the R vs H
dependences is very simple. Provided there are oscilla-
tions on the I, vs H curves, one may expect that for
the fields around the 7, maximum the fixed transport
current I appears to be less than ., and correspond-
ingly resistance is absent (ZRR state). In the mean-
time, in magnetic fields around the I, minimum the
condition I > I, may be satisfied, and a nonzero resis-
tance should be observed in this field range. The data
in Fig. 5 also serve as the confirmation of explanation
presented above.

For a detailed interpretation of the data obtained
let us begin with the determination of the physical
meaning of the temperature T, where the signs of de-
veloping ZRR states appear. It follows from the ex-
perimental data that at this temperature the trans-
verse coherence length £ | (T) becomes equal to or less
than s/2 (s =d ¢ + ds; is the SL wavelength), i.e.,
beginning at this temperature a confinement of the
vortices between superconducting layers starts to de-
velop. For sample B the value & (0) =63 Ay =118,
£,.(0) =55A. AtTy = 352 K the value & | (Ty) =27 A,
2¢ | (T) < s =56 A. When the vortex cores fit into the
insulating interlayers, intrinsic pinning should be-
come well pronounced [33], and a transition to the
limit £, > E,| may be expected. Thus, T, manifests by
itself the transition to the regime of strong layering
[4]. It should be mentioned that the temperature Ty, is
practically the same as the 3D—2D crossover tempera-
ture determined from the temperature dependence of
the critical magnetic field H ;. The same situation is
observed for other samples. The appearance of
nonmonotonic /. vs Hj| dependence only below the
crossover temperature is also reported in Ref. 27.

Based on a suggestion [28] that the phenomena ob-
served are the manifestation of the existence of com-
mensurate vortex lattices, let us analyze the data ob-
tained in detail. In the beginning let us compare the
results of different theories based on various ap-
proaches. The Ami—Maki theory [1] considers only
dirty superconductors, and its domain of validity is re-
stricted to fields close to H . It is assumed that the
spatial variation of the impurity content is relatively
small (on a scale of the electron mean free path), and
among all superconductor parameters only the diffu-
sion coefficient has significant spatial dependence on
the impurity concentration. For the specific fields H
satisfying the «resonance condition» (i.e., the condi-
tion that the Abrikosov lattice parameter @ is commen-
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surate with the modulation period s) the following
simple expression is obtained [1]:

\/§TE(D0

252

Hy = (N? + 12 + N7 (1)

Here N and L are integers. This solution suggests that
not only vortex density variation is possible, but rota-
tion of the vortex unit cell with respect to the
equiconcentrational planes as well. Formula (1) satis-
factorily describes the experimental data obtained by
Raffi et al. [2] on PbBi alloys with periodically mo-
dulated concentration. The consistency of the experi-
mental results of Broussard et al. [34] (Nb /Ta artifi-
cial multilayers) with the Ami—Maki predictions is
essentially worse. It is clear that the Ami—Maki ap-
proximation is valid only for a case of weak aniso-
tropy. As our numerical estimates show, there is noth-
ing in common between the calculated H, values and
the experimental values of Hp of the I, maxima and
R minima on the resistive curves for Mo /Si and
W /Si samples investigated.

The serious extension of the Ami—Maki model has
appeared much later, after the discovery of high-T,
superconducting layered compounds. The conception
of the intrinsic pinning associated with the periodic
layered structure was formulated for vortices parallel
to the layer planes [33,35]. High-T, compounds are
usually considered as the periodic stacking of the
strongly and weakly superconducting (or normal) lay-
ers [35]. The origin of the intrinsic pinning is con-
nected with the fact that the most energetically favor-
able position of the vortex line, which is parallel to
the layers, corresponds to its location in a weakly
superconducting, either normal or insulating, inter-
layer. In this case, the gain in the vortex free energy is
about equal to the condensation energy in the volume
of the vortex cores. Moreover, the vortices are pinned
along their entire length. When the distance between
vortices in the direction orthogonal to the layers
matches with the layered structure period, all the vor-
tices are locked between superconducting layers. This
configuration corresponds to the strong pinning. If the
magnetic field and transport current both lie in the
layer plane and orthogonal each to other, the vortices
should move under the influence of the Lorentz force
across the layers, i.e., overcome the high potential
barriers associated with the variation of the condensa-
tion energy. Such a movement is strongly hindered
and occurs by the finite steps at rather high currents
[6]. The important role of the intrinsic pinning, deter-
mining the orientational dependence of the critical
current [ ., was confirmed experimentally [36—38]. In-
trinsic pinning also gives rise to such phenomenon as a
lock-in transition [25].
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Due to intrinsic pinning the essential modification
of the vortex lattice structure in comparison with
Abrikosov one is also expected. Recently, the influ-
ence of commensurability effect on the vortex arrange-
ment in a parallel magnetic field has been considered
in the theoretical works [3—6,8,39]. At a given mag-
netic field, one can make the VL be commensurate
with the underlying layered structure by the com-
pressing the VL along the normal to the layers and in-
troducing the necessary shear deformation [4]. How-
ever, if the energy E of such a deformation exceeds
the pinning energy E,, the VL parameters are deter-
mined by the applied magnetic field. Then it is the
value of the external magnetic field that would pre-
scribe whether the lattice is commensurate or not with
the underlying periodic pinning potential. It is a situa-
tion which should be characteristic for the weakly lay-
ered systems. This situation does not differ basically
from that considered by Ami and Maki. However, in
the case of comparatively large values of the aniso-
tropy parameter y the final result for the «resonants»
fields [4] turns out to be different from (1):

\/§ o) M 1/2
Hy =>—2—; v=(—) : (2)
2 N4s%y m
Here N =1, 2, 3... is the order of commensurability.

Formula (2) corresponds to the simplest case of
rhombic VL with one of its unit-cell vectors parallel
to the layers. It is easy to see that formula (2) differs
from the Ami—Maki expression for the case L =0 only
by the factor y, which is absent in the Ami—Maki ex-
pression for H, because of very insignificant aniso-
tropy incorporated in their model. The depinning cur-
rent should oscillate, reaching maximal values at the
integer Z /s values. If other pinning centers are ab-
sent, the critical current should be zero at all H val-
ues where the ratio Z; /s is not close to the integer
numbers.

Intrinsic pinning energy increases with the lowering
of temperature as at any other pinning mechanism.
Moreover, as was mentioned above, it turns out more
pronounced when the vortex core size in the direction or-
thogonal to the layers & | (T') becomes comparable to or
smaller than the superstructure period. In this case the
vortex cores fit easily between two neighboring super-
conducting layers. Taking into account the ratio be-
tween &, (T) and s, Ivlev, Kopnin, and Pokrovsky
(IKP) [4] have classified all layered systems as super-
conductors with weak layering (§ | (T) >> s) and strong
layering (€ | (T') << s). According to IKP, the regime of
strong pinning is accessible for any type of layering, and
in both the cases of weak and strong layering there are
regions of the H—T diagram where the elastic deforma-
tion energy is smaller than the pinning energy [4]. For
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weakly layered superconductors (& | (T) >> s) such re-
gions are determined by the conditions:

3 2
1 —i<< (écj exp(—ggcj;
HCZ S S
3 2
()
HC2 S S

while for highly layered structures (¢ | (T) << s) they
are determined by the conditions:

3

1—i<< 1; i<< 1. 4)
c2 H c2

The estimates by formula (3) show that for weakly
layered superconductors the regions of the strong pin-
ning are unrealistically narrow. Thus the more realis-
tic statement is that for the layered systems with
£, (T =0) > s the pinning is relatively weak at all T
and H. If £ | (T =0) < s, then at the elevated temper-
atures & | (T) may become > s, and the transition be-
tween the situation of strong and weak layering may
occur. It is clear that in the frame of the above-men-
tioned classification the concentrationally modulated
alloys and artificial superlattices of S/S' and
S/N-type (S is a superconductor, S’ is a superconduc-
tor with T, smaller than one in S, N is a normal
metal) should belong to the weakly layered systems.
The superlattices of S /I-type (I is a semiconductor or
an insulator) may belong either to the weakly or to
the strongly layered systems. This depends on aniso-
tropy parameter and, respectively, on the interlayer
Josephson coupling energy. Both situations may be
expected in high-T, superconductors. The authors of
the works [4,5] noted that YBa,Cuz0,, in particular,
could be a favorable object for the investigation of
the commensurability effects. Indeed, such experi-
mental  observations on YBa,Cu;O, and on
RBa,Cu;O, (R = Y, Nd) have appeared later
[40—43]. In the work of Oussena et al. [40] the oscil-
lations in the magnetization of YBa,Cu,O, single
crystal were observed when magnetic field was paral-
lel to its a or b axis. The positions of the magnetiza-
tion maxima were temperature independent. It was
clear evidence that the oscillations are connected with
the matching between vortex lattice parameter and
regular layered structure. The large number of max-
ima on the magnetization curves (the magnetic field
was varied up to 12 T) allowed the authors to deter-
mine the anisotropy parameter in YBa,Cu;0, to good
accuracy using formula (2) for the case of weak layer-
ing. In particular, using the data of Fig. 3 of Ref. 40
(upper panel), presented for H parallel to the a axis
and T =60 K, one can easily determine the orders of
commensurability present on this plot. The maxima
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fit to the orders N from 5 to 11. The maxima corre-
sponding to the smaller N = 1—4 should be observed
at H> 12 T. Because of the relatively large wave-
lengths in our multilayers the H values belonging
to the low orders of commensurability get in the ac-
cessible range of magnetic fields in distinction to the
high-temperature compounds with small s values. At
60 K the additional peak on the magnetization oscilla-
tion curve is observed which does not obey the
above-mentioned classification and was not explained
by the authors. We will present the interpretation of
this extra peak below. It is somewhat surprising that
the M oscillation amplitude diminishes at lower tem-
peratures. Probably, it means that background pin-
ning on another type of defects grows with decreasing
T faster than the intrinsic pinning. In the work of
Gordeev et al. [41] the oscillations of resistance with
parallel magnetic field have been observed on YBCO
samples with the transition temperature 60 K. The
features of the resistive transitions on this sample are
similar to those observed on our SLs.

As was mentioned above, in the situation of the
strong layering and strong pinning, the VL should be
commensurate with SL wavelength at all magnetic
field values [4]. According to IKP, the stable states of
the commensurate lattice correspond to the rhombic
lattice with the rational values of the apex angle n/3
and 2n/3 (in the frame of the reduced coordinates
x, z3/M /m; here x is the direction along the layers,
and z is along the ¢ axis). The conditions of stability
look as follows [4]:

p=n/\@, ,”0=1Ix/§. (5)
Here p is the reduced magnetic field:
p =27N2s?yH /@y,. 6)

Correspondingly, the dependence of the free energy
for the given commensurate lattice on magnetic field
has two minima at the H values:

m_ Py @ _ ©oV3
HN - 2 9 H - 2 9 " (7)
24/3N?s2y IN2s2y

Note that the H[(\%) values coincide with Hp for
weakly layered structures. We have already men-
tioned above that the patterns of the resistance min-
ima obtained in the different R vs H) realizations
have nothing in common with calculated values of the
Ami—Maki fields H 5. As follows from the above argu-
mentation about the temperature range in which the
resistance minima and ZRR states are observed on
Mo /Si samples investigated, for both Mo/Si and
W /Si SLs we are dealing with the case of highly lay-
ered superconductors. That is why the comparison
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Fig. 9. Dependences of the Gibbs free energy on magnetic
field for different orders of commensurability for Mo /Si
sample B calculated according to IKP theory.

with IKP theory considering this limiting case is the
most reasonable. Figure 9 shows the dependences of
the Gibbs energy on magnetic field calculated
according to IKP for different orders of commen-
surability for Mo /Si sample B, with the y value of
11.8. A comparison of the pattern of Fig. 9 with the
data obtained on this sample reveals quite satisfactory
consistency with the IKP theoretical predictions. In
Fig. 3 the two regions of the ZRR states correspond
to the two stable states for N =1. The Hy values are
shown in this figure by the thick arrows. Minima in
Fig. 4 correspond to N =3, the second stable state,
and N =1, the first stable state. The stable state with
N =2 is also obtained in one of the realizations. All
the R vs H) realizations observed correspond to the
definite initial conditions under which the vortex lat-
tice was formed. As was mentioned above, the realiza-
tion shown in Fig. 3 is observed in a case when the
external magnetic field is switched on first at suffi-
ciently low temperature. The first ZRR state in this
case corresponds to N =1. It is obvious that in such a
case the appearance of the states with the larger N is
impossible in the increasing field. When the measure-
ments of the resistive curves are started from 7, the
realizations of such types as presented in Figs. 1 and 4
take place. The positions of the IKP fields Hy in
these figures are also indicated by the thick arrows.
For Mo /Si sample A, with smaller s and y values,
we have the following values of the IKP matching field
at two stable states: for N =1, 4.2 T and 12,6 T; for
N=2105Tand 3.15T; for N=3,0.47 Tand 1.4 T.
Comparison of these values with Fig. 2 shows that the
R minima corresponding to N = 3 and N =2 (for both
minima it is the second stable state) are distinctively
seen. They are indicated by the thick arrows.
Between these two minima there is additional mini-
mum at a field of 2.02 T (it is shown in Fig. 2 by thin
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arrow), which fairly well corresponds to the IKP sta-
ble state with a  half-integer order of
commensurability N =2.5. From our point of view,
such commensurate arrangements are also allowed in
the strongly layered superconductors. One should sim-
ply contemplate the possibility that another kind of
commensurate states exists, when half of the vortex
chains are confined to the spacers while the other half
are located on the superconducting layers. It is a regu-
lar vortex lattice consisting of the Josephson and
Abrikosov vortices. The additional evidence for the
existence of such VLs follows from data obtained on
Mo /Si SLs with thick spacers, where only magnetic
interlayer coupling is essential, and avalanche-type
jumps of resistance correspond to phase transitions be-
tween different commensurate states [44]. It is known
that a single flux line sitting on a superconducting
layer is unstable [45]. However, in a case when half of
the vortices are trapped in the spacers and fixed by the
strong periodic pinning potential, the entire vortex
system is commensurate with this potential and stable.
A similar observation in commensurability magnetiza-
tion experiments on high-T, samples was reported in
Ref. 43. This situation is also reminiscent of one which
occurs in the case of a superconducting film with an
antidote lattice, where in the matching field all of the
vortex ensemble is strongly pinned, though only part
of vortices are trapped at pinning sites [46].

Two observed R minima on sample C may be identi-
fied as IKP stable states for N =1 and N =3 [28].
Sometimes, as particularly in the latter case and the
case illustrated by Fig. 4 for sample B, the stable state
with N =2 is not observed experimentally. The possi-
ble explanation of this fact might be as follows. The
rearrangement of the VL at the transition from the lat-
tice with N = 3 to the lattice with N =2 is rather com-
plicated, while the transition N =3 — N =1 occurs
simply by the dividing of one vortex chain into three.
Nevertheless, this transition is observed on sample A.

A fairly good consistency with the IKP theory is
obtained on W /Si samples as well. On the sample
with s =50 A the first two R minima correspond to
N =4 and N =2, the first stable state (Fig. 7). The
third minimum fits as in a case with Mo /Si sample A
to a half-integer number 1.5. On W /Si sample with
s =60 A the R minima corresponding to two stable
states with N =4 are found. The minimum corre-
sponding to N =3, which should appear between
these two minima, does not reveal itself. The reason
for this might be the above-mentioned difficulty with
the rearranging of the VL in the situation when two N
values are not multiples of each other.

As an additional confirmation that the resistive
transition patterns reflect the properties of the com-
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Fig. 10. Experimental values of the commensurate mag-
netic fields for samples with different wavelengths and
anisotropy parameters.

mensurate lattices may serve such data as ones pre-
sented in Fig. 10. Here the examples of the depend-
ence of experimental values of Hy on the parameter
(ys2) ™! characterizing the individuality of the layered
sample are shown. As follows from formula (7), the
data for different samples lie on straight lines passing
through the zero point. Thus by changing the spacer
thickness at a constant metal layer thickness, one ob-
tains additional evidence of the perfect applicability
of the IKP theory for the interpretation of the oscilla-
tion phenomena and ZRR states.

Analysis of the data of Oussena et al. [40] has
shown that the extra peak in magnetization observed
on YBCO at the relatively low temperature 60 K is
the peak corresponding to IKP field for a strongly lay-
ered system with N =9 (the second stable state).
Thus, the second stable states begin to appear at lower
temperatures.

Besides the stable VL configurations considered by
IKP, rather different VL states might exist, as was
mentioned above, which are dynamically accessible at
the variation of magnetic field [4,6,7]. Under condi-
tions of strong pinning and relatively small magnetic
fields, shear instability of the commensurate lattice
leads to the breaking of symmetry: neighboring vortex
chains locked between superconducting layers may be
shifted with respect to one another [6,7]. A lot of
these <«shifted» lattices correspond to metastable
states, i.e., to local minima of the free energy. The po-
sitions of all the free energy local minima have a hier-
archical structure, which is described by a set of Farey
numbers [7]. Due to this hierarchy the number of
metastable states grows with magnetic field decrease.
The trajectory of the dynamically accessible mini-
mum, which starts from the symmetric VL (the lattice
without shear), goes through a sequence of bifurcation
and quasibifurcation points, and this trajectory is not
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uniquely defined. When magnetic field varies, the
trace of the absolute minimum jumps in a complicated
way between different metastable states [7]. One may
believe that metastable states of the VL may be
probed in dynamic experiments, i.e., by resistive or
critical-current measurements. We suggest that a
number of additional features observed on the R vs H
and I, vs H curves (like steps, kinks, or abrupt
changes of curvature; see, for example, the thin ar-
rows in Fig. 3) along with the main maxima and min-
ima, may be evidence of a manifestation of dynami-
cally accessible metastable states. Sometimes the H
values where the features mentioned appear are the
same in different experiments, and sometimes these
values change, i.e., other trajectories of dynamically
accessible minima are realized.

An interesting aspect of the oscillation phenomena
observed on Mo/ Si and W /Si multilayers is a mem-
ory effect. It manifests itself in the repetition of the
same R(HH) curve patterns during all experiments
made in the same run of the cooling down of the sam-
ple. If one wishes to obtain another realization of the
resistive behavior, it is necessary to heat the sample
above the transition temperature. The memory effect
has been observed on all samples investigated. Subse-
quently to the diminishing of the magnetic field down
to zero, part of the vortices stay frozen in all
interlayers where they were during the previous field
sweep. Evidence of that is the hysteretic behavior.
This predetermines the appearance of the same resis-
tive pattern at each following field sweep at lower
temperatures. It seems that during the decrease of the
field and, correspondingly, of the vortex density, the
VL might pass through another sequence of transfor-
mations. For example, if in the increasing field H; one
observes a transition between commensurate VL
phases with N =3 and N =1, nothing should pre-
clude, it seems, the transition N =1 — N =2 in the
decreasing field H ;. Nevertheless, this never happens,
and the resistive curves in field H; repeat the pattern
observed in field H; . Therefore one arrives at the con-
clusion that the previous location of the vortex rows
in definite interlayers modifies in some way the intrin-
sic pinning behavior. To eliminate this subtle modifi-
cation the sample should be returned to the virgin
state, i.e., be put in the normal state. It is noteworthy
that the memory effect concerns the metastable states
as well (see, for example, Figs. 3 and 6). For a full un-
derstanding of the memory effect, additional experi-
ments are needed.

Attention must also be paid to the fact that the set
of the different R(H, I ) realizations on each sample con-
stitutes a unique «fingerprint», which characterizes the
possible stable VL states for a given multilayer. This
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fingerprint depends exclusively on the anisotropy
parameter and SL period (more exactly, on the value
ysz ), and does not depend on the type of materials used
for preparation of the multilayer. Obviously, it is possi-
ble to imagine the eventuality of the existence of the
«twin» samples with the different values of y and s, but
with equal ysz magnitude. However, as a matter of
fact, such coincidence is highly improbable due to the
very strong dependence of the anisotropy parameter on
the spacer thickness [29]. Thus, the investigations of
the commensurate states in the layered superconductors
may be used for determination of the anisotropy param-
eter y. The same conclusion follows from the magneti-
zation experiments of Oussena et al. However, it is
better to deal with samples having a rather large num-
ber of layers because in the layered thin films commen-
surability with the full sample thickness is possible as
well [47]. The interplay between the two commen-
surability effects leads to the appearance of special se-
lection rules. This makes the oscillation data interpre-
tation more complicated.

The predictions about VL structure in layered su-
perconductors obtained in the paper of Bulaevskii and
Clem (BC) [8] in the framework of the LD model,
which takes into account the Josephson nature of the
interlayer coupling, are rather different from those ob-
tained on the base of 3D anisotropic London or GL ap-
proach. The series of the first-order phase transitions
between different commensurate phases should occur
at definite magnetic field values H, ,_1, which also
depend on the anisotropy parameter and SL wave-
length. For this effect the value of the characteristic
field Hy = CDO/ys2 where Josephson cores of the vorti-
ces begin to overlap is essential.

For sample B this characteristic field Hy is equal to
5.51 T. The transition between commensurate phases
corresponding to Z, =s and Z = 2s should occur in
the field Hyy = Hy /3 =1.84 T, and another transition
(between the phases with Zy =2s and Z; = 3s) in the
field Hzy = Hy,/8 =0.69 T. The position of the large
minimum in the Fig. 1 is just consistent with the field
H 4 estimated above on the base of LD model results
of BC [8]. However, at fields close to Hzy =0.69 T
there is only a peculiarity on the derivative dR/dH
(data of Fig. 1,a). The second shallow minimum in
Fig. 5, showing another run under the same conditions
for sample B, is closer to the IKP field Hro(,z).

It is necessary to note here that the values of TKP
and BC fields are rather close to each other numeri-
cally. The ratio of the fields HO/HI(\?) —2N? /3 ~1
in the case N =1 and the ratio H2y1/H1(\}) are equal to
the same value. It is quite natural that the BC transi-
tion fields may be seen in the same magnetic field
range as the IKP stable commensurate states. In the
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IKP work the properties and stability of a given com-
mensurate state are considered, but transitions
between different commensurate states are outside the
framework of this theory. Oppositely, in BC theory
only the transitions between different commensurate
VL states are under consideration. The approaches
used in both papers mentioned are rather distinct, but
the authors of these works are actually considering
different sides of the same phenomenon, i.e., evolu-
tion of the mixed state in strongly layered supercon-
ductors. It is clear that at the appropriate choice of the
current the both IKP and BC scenarios may be ob-
served on the same sample. It appears that the location
of the minima in Fig. 1,a cannot be explained in the
IKP GL model, while they are in excellent agreement
with the results of the LD model of BC. In the mean-
time, the data of the other figures with the oscillating
R vs H dependences are consistent only with the IKP
theory predictions.

In conclusion, the new type of reentrance phenome-
non discovered on Mo /Si multilayers, occurring if the
magnetic field is aligned along the layers or slightly
inclined with respect to the layer planes, has been
studied in detail on series of Mo /Si and W /Si multi-
layered samples. The reentrance behavior is connected
with the intrinsic pinning influence and with the spe-
cifics of the VL structure in layered superconductors.
Locations of the R vs H minima and ZRR correspond
either to the stable states of commensurate VL or to
the transitions between two commensurate lattices
with different Z,. Examination of the results obtained
allows one to conclude that investigation of the
reentrance behavior may be used as a new tool for
studying the VL arrangement in layered superconduc-
tors. The investigations of the dependences of the crit-
ical current on H| and of the resistive transitions give
practically the same results. However, the latter
method seems more attractive because it is essentially
simpler, and it allows one to cover a larger area of the
H)-T diagram.

It has been shown experimentally that the state of
the vortex matter in layered superconductors differs
essentially from that in type-II superconductors with a
random distribution of pinning centers.
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