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Resistance measurements have been performed in a two-dimensional organic conductor
l-sBETSd2FexGa1−xCl4 sx=0.45d to investigate the superconducting properties. In magnetic field parallel to the
layers, the superconductingsSd phase is stabilized in a wide magnetic field range, which is qualitatively
understood by Jaccarino-Peter compensation mechanism. Depending on the internal field created by the Fe 3d
moments, three vortex phases in theS phase appear with increasing field; normal vortex, antivortex, and
normal vortex phases. The superconducting transitions show characteristic field dependence, which is corre-
lated to the vortex phases. In field perpendicular to the layers, theS phase appears only near the antiferromag-
netic phase. The results forx=0.45 are also compared with those for the isostructural nonmagnetic saltx=0.
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I. INTRODUCTION

The discovery of the magnetic field induced superconduc-
tivity in the organic conductorl-sBETSd2FeCl4, where
BETS is bissethylenedithiodtetraselenafulvalene, has re-
newed the interest in the anisotropic superconductors.1–3 In
the absence of the magnetic field,l-sBETSd2FeCl4 shows a
transition from a paramagnetic metalsPMd to an antiferro-
magnetic insulatorsAFId around 8 K.4–6 The AFI phase is
destabilized by the magnetic field above,10 T, and then the
PM phase is recovered. The AFI ground state has been theo-
retically discussed in terms of the strong correlation effect.7,8

When the magnetic field is applied parallel to the conduction
layers, the superconductingsSd phase is stabilized between
18 and 42 T below 1 K.1–3 This magnetic field inducedS
phase is destroyed when the field is tilted from the conduc-
tion layers. In contrast, the isostructural nonmagnetic salt
l-sBETSd2GaCl4 shows a superconducting transition
sTc<6 Kd at zero field.5 The superconductivity is destroyed
under magnetic field of 13 T parallel to the conduction
layers.9

For the alloysl-sBETSd2FexGa1−xCl4, the PM-AFI tran-
sition is suppressed asx decreases, and then the ground
state becomes superconducting forx,0.35 at zero
magnetic field.10 The global H-T phase diagrams of
l-sBETSd2FexGa1−xCl4 in parallel fields sH icd have been
also investigated.11 As x decreases, theS phase simply shifts
to a lower field whereas the AFI phase shrinks. The variety
of the phases is apparently due to thex dependence of the
effective exchange interaction between the Fe 3d magnetic
moments and thep electron spins on the BETS molecules.

The overall features of the field-inducedS phases in
l-sBETSd2FexGa1−xCl4 are well understood by Fischer
theory12 based on Jaccarino-PetersJPd effect.13 In the PM
phase ofl-sBETSd2FeCl4, the localized 3d moments are
aligned along the external fieldsHd. Because of a strong
negative exchange interactionJ between the 3d moments
and thep electron spins, thep spins experience a strong
internal field −Hint sHint.0d created by the 3d moments,
whose direction is antiparallel toH. Therefore, the resulting
field approaches zero whenH=Hint.

12 Under this condition,
the Zeeman effect, one of the destructive mechanisms
against superconductivity, is completely suppressed. WhenH
is parallel to the conduction layers, the orbital effect, which
is the other destructive mechanism, is also suppressed.
Therefore, superconductivity can be induced by high parallel
fields H in the order of ,Hint. The results of the
Shubnikov–de Haas and angular-dependent magnetoresis-
tance oscillations confirm their two-dimensionals2Dd elec-
tronic states and the presence of the large internal fields.14,15

When the field is tilted from the layers, the orbital effect
works and the superconductivity is destabilized. As the Fe
concentrationx decreases, the average value ofHint de-
creases. This effect causes the field inducedS phase to shift
to a lower field.

In field induced superconductors due to the JP effect, the
presence of a new vortex phase, an antivortex phase is theo-
retically predicted in a field range forH,Hint.

16 For
H,Hint, the vortices carry paramagnetic currents instead of
diamagnetic currents. The first evidence of such antivortices
was obtained in the field inducedS phase for a three-
dimensional chevrel compound Eu1−xSnxMo6S8.

16 A slight
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increase of the magnetization due to the antivortices in addi-
tion to the large localized Eu magnetic moments is observed
for H,Hint. However, the effects of such antivortex forma-
tion on the transport properties have not been investigated so
far.

In the alloy l-sBETSd2FexGa1−xCl4 sx=0.45d, the super-
conductivity is stabilized in a wide field range between 0 and
25 T sRef. 11d and both vortex and antivortex phases are
expected to appear at relatively low fields. Therefore,
l-sBETSd2FexGa1−xCl4 sx=0.45d may be one of the best sys-
tems to investigate such characteristic vortex phases realized
by the JP effect. In this paper, we report anomalous behavior
in the resistive transitions inl-sBETSd2FexGa1−xCl4
sx=0.45d, which is closely related to the vortex phases. We
also compare the results with those of the isostructural non-
magnetic saltsx=0d.

II. EXPERIMENT

The single crystals ofl-sBETSd2FexGa1−xCl4 were syn-
thesized electrochemically.5 The crystals are needlelike,
elongating along thec axis. The conduction plane is the ac
plane and the least conducting direction is theb* axis. The
resistance was measured by a conventional four-probe ac
technique with electric current along theb* axis. Four gold
wires sf10 mmd were attached to the samples by carbon
paint. The experiments were made with a 14 T superconduct-
ing or 25 T resistive magnet at Tsukuba Magnet Laborato-
ries, NIMS. The samples were rotated in field by a rotator
with the resolution of about 0.05°.

III. RESULTS

Figures 1sad–1scd show the temperature dependence of the
resistance forx=0.45 under magnetic fields. At zero mag-
netic field, as temperature decreases, the resistance decreases
down to zero around 5 K and then steeply increases at 3.3 K.
These are the PM-S and S-AFI transitions, respectively. The
behavior is consistent with the result reported previously.10

For H ib* fFig. 1sadg, we note that the resistance shows no
sign of superconductivity above 6 T. The transition curves
seem to simply shift to a lower temperature as the field in-
creases. ForH ic fFigs. 1sbd and 1scdg, the transition curves
show characteristic field dependence. The superconducting
transition first becomes sharp with increasing field up to 16
T. After that, the transition seems to become broad at higher
fields. The resistance shows broad peaks aboveTc for
H.12 T. The S-AFI transition is not observed above 3 T for
T.1.7 K. For comparison, we present the resistive transition
curves for the nonmagnetic saltsx=0d in Fig. 2. For both
field directions,H ibp andH ic, the transition curves mono-
tonically shift to a lower temperature as field increases.

In Figs. 3sad and 3sbd, we present theT-H phase diagram
for x=0.45. It is pointed out that there may be no apparent
correct choice of criteria to unambiguously determineTc or
Hc2 in resistance measurements.17 In this paper, we simply
defineTc whenR/Rn=0.5, whereRn is the normal state re-
sistance given by extrapolating theRsHd curve from the
high-temperature range. ForH ib* , as the field increases,Tc

steeply decreases down to 4 K and then lies just above the
AFI phase boundaryTAFI. The superconductivity is stabilized
up to 5 T at low temperatures. A similar behavior is already
reported for x=0.4 by Zhanget al.18 This critical field
Hc2=5 T seems very large as compared with 2 T forx=0 at
1.5 K. The AFI phase is first more stabilized with increasing
field andTAFI has a maximum at about 0.5 T. After that,TAFI
monotonically decreases with field. ForH ic, Tc decreases
down to 4 K and then becomes almost independent of field in
the range between 4 and 20 T. After that,Tc decreases again.
The value ofTAFI monotonically decreases with increasing
field. These features are discussed later. Figure 3scd shows
the T-H phase diagram forx=0. The value ofTc shows a
slightly positive curvature for the perpendicular fieldsH ib*d,
as observed in various layered superconductors. The results
are consistent with those reported previously.9

In Fig. 4, we plot the resistive transition widthDT, which
is defined asDT=TsR/Rn=0.9d−TsR/Rn=0.1d. For x=0.45
fFig. 4sadg, the field dependence ofDT for H ib* is not clear
because of the limited field region. However,DT for H ic
first has a maximums,2.5 Kd around 3 T and then decreases
down to 0.5 K around 17 T. At higher fields,DT seems to
increase again. For comparison, we presentDT for x=0 in
Fig. 4sbd. In both field directions, we note thatDT monotoni-
cally increases with increasing field.

FIG. 1. Temperature dependence of resistance forsad H ib* and
in sbd low and scd high-field regions for H ic in
l-sBETSd2FexGa1−xCl4 sx=0.45d. The data insad and sbd are taken
in the same run by use of a superconducting magnet. The data inscd
are taken for a different sample by use of a 25 T resistive magnet.
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Figures 5sad and 5sbd show the magnetic field angle de-
pendence of the resistance at 3.25 K forx=0.45, where the
field is rotated in theb*c plane. ForH ic, the resistance has a
steep decrease due to the superconducting transition. At 4 T,
the superconducting transition is rather rounded, whose an-
gular dependence is approximately given by a simple scaling
function R,ucossudua. This scaling behavior suggests that
the resistance depends only on the perpendicular component
of the external field, i.e., the electronic state is highly two
dimensional.19,20 The exponenta decreases with increasing
field and the curve at 8 T is well fitted witha<1.0. As the
field further increases, the superconducting transition for
u.90° becomes sharp and peaks on both sides of the tran-
sition become evident as denoted by arrows. The peaks are
visible up to 21 T and then rounded curves appear again at
higher fields. The peak positions depend on field. The steep
change of the resistance, deviating from the scaling
R,ucossudua, suggests some phase transition. We have mea-
sured the resistance in the opposite field rotation, but found
no appreciable hysteresis. For comparison, the results for
x=0 are also shown in Fig. 5scd. We observe a similar resis-
tance decrease due to the superconducting transition for
u.90°. The transition is monotonically suppressed as the
field increases as expected for conventional superconductors.
The peaks on both sides are slightly visible even forx=0.

So far, similar peaks and step decrease of the resistance in
parallel fields have been observed in high-Tc superconduct-
ing cuprates21 and an organic superconductor.22 They have
been interpreted in terms of a vortex lock-in transition and/or
flux flow resistance.21,22 Although the interpretation is still
somewhat controversial, it is likely that the results in these
salts are caused by the vortex lock-in transition as discussed
later.

Figure 6 presents the magnetic field angle dependence of
the resistance at various temperatures forx=0.45. As shown

FIG. 2. Temperature dependence of resistance forsad H ib* and
sbd H ic in l-sBETSd2FexGa1−xCl4 sx=0d.

FIG. 3. T-H phase diagrams forsad H ib* and sbd H ic in
x=0.45, andscd in x=0. The closed symbols show the data from
Figs. 1 and 2. The open symbols show the data determined from the
magnetic field sweeps at 30 mK. The solid lines insbd and scd are
calculated phase boundaries forH ic by Fischer theory. The dotted
lines in sbd show theMs=0 lines, dividing theS phase into three
different vortex phases. See text for detail.

FIG. 4. Resistive transition widthDT for sad x=0.45 andsbd
x=0.
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in the inset, the peaks are evident in the range between 3.25
and 4.5 K. The peak positions slightly shift to 90° as tem-
perature increases. Figure 7 presents the peak widthDu at
3.25 K, defined in Fig. 5sad. For x=0, we note thatDu has a
tendency to decrease with increasing field. Forx=0.45, how-
ever,Du increases with field, has a broad maximum around
17 T, and then seems to decrease. At high fields, the peaks
are very rounded, so the data include large errors. This be-
havior seems correlated to the transition widthDT shown in
Fig. 4sad.

IV. DISCUSSION

A. Phase diagram

The global H-T phase diagrams of
l-sBETSd2FexGa1−xCl4 in parallel fieldssH icd are qualita-
tively understood by Fischer theory12 based on Jaccarino-
PetersJPd effect in 2D systems.11 Fisher gave a full descrip-
tion for Tc and Hc2 in the 2D case under fields along the
conduction layers
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In the formula, reduced units are used:t=T/Tc,
h=0.53Hc2/Hc2

* and hJ=0.53HJ/Hc2
* . There are four adjust-

able parameters, the critical temperatureTc, the orbital criti-
cal fieldHc2

* , the exchange fieldHJ whose field and tempera-
ture dependence is given by the Brillouin function, and the
spin-orbit scattering parameterlSO. The scattering parameter
due to magnetic impuritieslm is taken to be zero for sim-
plicity. C is the digamma function. The valuea is Maki
parameter defined asa=Î2Hc2

* /Hp, whereHp is the Pauli
limit.23,24

When the internal fieldHint is sufficiently large, the low
and high fieldS phases are well separated. However, when
Hint is relatively small, both theS phases are merged into a
single S phase. This is the case forx=0.45. The AFI phase
inside theS phase is due to another mechanism.7,8 The solid
line in Fig. 3sbd shows the calculated result with the param-
etersTc=5.7 K, m0Hc2

* =27 T, the saturated value of the ex-
change fieldm0HJ

* =18 T, andlSO=6. The field dependence
of Tc has a maximum when the fieldH=Hint. It should be
noted that the internal fieldHint is lower than the exchange
field, Hint=HJ−1/h, where h<a /lSOTc. We obtain that
Hint=HJ in a pure 2D case becauseHc2

* is infinite s1/h=0d.
The experimental result seems well reproduced by the
theory. For comparison, we also show the calculated result
for x=0 by the solid line in Fig. 3scd. The parameters for
x=0 areTc=5 K, m0Hc2

* =13 T, m0HJ
* =0 T, andlSO=9. The

FIG. 5. Resistance as a function of the field angleu in the b*c
plane forsad and sbd x=0.45, andscd x=0. The definition ofDu is
shown insad.

FIG. 6. Resistance as a function of the field angleu in the b*c
plane forx=0.45. The inset shows the lock-in transition behavior
near 90°.

FIG. 7. The peak widthDu at 3.25 K forx=0.45 andx=0. The
solid and dotted lines are the calculated results. See text for detail.
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smallerHc2
* for x=0 shows that the Josephson coupling be-

tween the BETS layers is stronger. This tendency has been
explained in terms of the Cooper pair tunneling via the
empty 4s levels of the Ga3+ions2. The smallerlSO for
x=0.45 may be due to the better sample quality. Forx=0,
Hc2 below 2 K is much larger than the fitted results, exceed-
ing the Pauli limit. This behavior is first reported by Tanatar
et al.25 and the possibility of a superconducting state with
spatially modulated order parameter is proposed.

When the JP effect works as in this case, the presence of
a new vortex state, an antivortex phase, in a limited magnetic
field range is predicted by Fisheret al.16 They calculated the
free energy with use of the Ginzburg-Landau theory, and
obtained the magnetizationMs of the superconducting state,
which does not include that of the localized magnetic mo-
ments. The condition for no vortices,Ms=0 sH=Hintd is
given by

1 + hfH − HJsH,TdgS1 −
dHJsH,Td

dH
D = 0. s3d

When the low- and high-fieldS phases are merged into a
singleSphase as shown in Fig. 3sbd, there are two solutions,
which also correspond to the points at the boundaries where
dHc2/dT=`.16

In a high-field range,HJ=const, i.e.,dHJ/dH=0, so we
obtain H=Hint=HJ

* −1/h. It gives a high field vortex phase
boundary. In a low-field range whereHint is sufficiently low,
we have another solution, giving a low-field boundary. Con-
sequently, we have three vortex phasesS1, S2, andS3, whose
phase boundaries are shown by the dotted lines in Fig. 3sbd.
In the S1 phase, whereHint,H, Ms is negativesthe elec-
tronic state is diamagneticd. This is a normal vortex phase. In
the S2 phasesHint.Hd, Ms is positive, and an antivortex
phase is realized.16 In the S3 phase, a normal vortex phase
appears again becauseHint,H. These unique vortex phases
are probably the main origin of the observed anomalous tran-
sition width and lock-in transition behavior as discussed
later. The first experimental evidence of the presence of the
antivortices was obtained in the field-inducedS phase of the
chevrel compound.16 The magnetization was found to have a
small paramagnetic component in addition to the large para-
magnetism arising from the localized Eu moments. However,
any anomalous features in the resistive transitions as ob-
served inl-sBETSd2FexGa1−xCl4s=0.45d have not been re-
ported in the chevrel compound.

For H ib* fFig. 3sadg, the orbital effect strongly works so
that the superconductivity can not be stabilized in high fields.
When the AF order is broken by the field, the 3d moments
are almost aligned along the field. In this process, the inter-
nal and external fields are probably canceled out in the very
limited field range, i.e., the Zeeman effect is suppressed. This
is probably the reason why we observe the superconductivity
stabilized just above the AFI phase boundaryTAFI sup to 5 Td
as reported previously.18

B. Resistive transition width

The resistive transition broadening in highly 2D systems
has been discussed in terms of flux flow,26 order parameter

phase jumps at Josephson junctions,27–29 and superconduct-
ing fluctuation.30 However, the major mechanism of the
broadening is still controversial. Generally, the supercon-
ducting fluctuation is enhanced for short coherence length
and is evident only near the transition temperature. Because
of the relatively long coherence length and very broad tran-
sition width, it is unlikely that superconducting fluctuation
effect is dominant forl-sBETSd2FexGa1−xCl4. In these ex-
periments, the electric current is perpendicular to the layers
sI ib*d, so the flux linessJosephson vortices in this case, as
discussed laterd are forced to move in the layers by Lorentz
force for H ic. Such flux flow should cause some energy
dissipation, which makes the transition width broad. The
number of the flux increases with the field, the transition
width due to the flux flow should increase with field. This
picture qualitatively explains the results forx=0 in Fig. 4sbd.

At present, we can not conclude that only the flux flow is
the mechanism of the transition width forx=0. However, it
may be worthwhile to discuss the transition width for
x=0.45 in terms of the above picture. As shown in Fig. 3sbd,
there exist twoMs=0 lines in theT-H phase diagram. Ap-
parently,Ms=0 whenH=0. Because of no fluxsno vorticesd
for Ms=0, the widthDT should have minima at the fields
whereMs=0 if the flux flow is the dominant mechanism. The
minima for H=0 andH<17 T may be understood by the
above picture. However, we have no minimum around 4 T
but a maximum around 3 T. ForH=0 and H<17 T, the
internal field Hint is zero and well saturated in the whole
temperature range, respectively, i.e.,Hint has no temperature
dependence. In the field near the low-fieldMs=0 line, how-
ever, Hint increases with decreasing temperature, following
the Brillouin function. Therefore, as temperature decreases,
the number of vortices or antivortices changes, whose mo-
tion may broaden the transition width. We notice that
DT<0.6 K for H<17 T is much smaller than 2.1 K for
H=0. The result is not understood by the flux flow mecha-
nism. At present, the reason is not clear.

C. Lock-in transition

For anisotropic superconductors,32 the Ginzburg-Landau
sGLd coherence lengths parallel and perpendicular to the
conduction layers,ji and j', are determined from the
parallel and perpendicular upper critical fieldsHc2i

=f0/2pj'sTdjisTd andHc2'=f0/2pjisTd2, wheref0 is the
flux quantum. Forx=0.45,ji andj' at 1.5 K are estimated
to be 130 and 11 Å, respectively, if we takeHc2i=Hc2

* . Since
the lengthj' is shorter than the layer spacingd=18 Å, this
system is modeled as a 2D superconductor.31 It is known that
a transition of flux line structures as a function of the mag-
netic field direction, a lock-in transition takes place for
highly 2D superconductors, which are characterized by lay-
ered structures and short coherence length along the perpen-
dicular direction. In magnetic fields sufficiently tilted from
the layers, there exist conventional tilted flux lines or com-
bined vortex structures made by Abrikosovspancaked and
Josephson vortices, which penetrate into the superconducting
layers perpendicularly, and lie in the insulating layers, re-
spectively. When the field becomes almost parallel to the
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layers, a lock-in transition takes place: the Abrikosov vorti-
ces are excluded and only the Josephson vortices are stabi-
lized. Since the motion of the Josephson vortices causes
much less energy dissipation than that of the Abrikosov vor-
tices, the resistance steeply decreases at the lock-in transi-
tion. Peaks may appear at the lock-in transitions because of
the critical fluctuation effect. The lock-in transition has been
reported in magnetic torque, ac susceptibility, or the resis-
tance in high-Tc cupurates21,33–36 and organic
conductors22,37,38but the full detail of the interpretation still
seems controversial. Feinberg and Villard consider the soli-
ton lattice shape of the flux line core and obtain the critical
angleuc where the lock-in transition takes place39

sinsucd =
1

p
F2a

H*

H
S1 + e2H*

H
DG1/2

. s4d

Herea andH* are of the order of 0.5 andHc1', respec-
tively. The anisotropic parameter of the superconductivity is
defined ase=Hc2i /Hc2'.

On the other hand, Bulaevskiiet al. show that the lock-in
transition occurs when the perpendicular component of the
field exceeds a threshold fieldHth which is independent of
the field angle and less thanHc1'.40 The critical angleuc is
given by

sinsucd = Hth/H. s5d

The solid and dotted lines are the fitted results forx=0
with Eqs. s4d and s5d, respectively. Both theories predict a
second order phase transition atuc, which is consistent
with the observation of no hysteresis. The parameters
are a=0.25, m0H

* =100 G, e=5 in Eq. s4d and m0Hth
=500 G in Eq. s5d. Both curves can reproduce the
experimental data. Althoughm0Hc1' has not been obtained
experimentally, it should be comparable to,90 G in
k-sBEDT-TTFd2CusNCSd2 sTc<10 Kd sRef. 37d or ,40 G
in k-sBEDT-TTFd2I3 sTc<3.5 Kd.41 Therefore, the value of
m0Hth=500 G may be too large. The model by Feinberg and
Villard may be more appropriate.

For x=0.45, the transition widthDu has a maximum
around 17 T forH ic, where the external and internal fields
are almost canceled out, i.e., there are few vortices. As the
field is tilted from thec axis, the orbital critical fieldHc2

*

decreases, and consequently the internal fieldHint=HJ
* −1/h

decreases becauseh~1/Hc2
* . It means that the number of the

vortices or antivortices changes as the field is tilted. For
highly 2D superconductors, the angular dependence of the
critical field is given by42

UHc2sudcossud
Hc2'

U + SHc2sudsinsud
Hc2i

D2

= 1. s6d

The value ofHc2sud shows a cusp foru<90°. If we take
Hc2i=Hc2

* =27 T and Hc2'=5 T, Hc2sud /Hc2i is 0.98 for
u=89°, where the lock-in transition is observed. This change
approximately causes the reduction ofHint only by 0.16 T.
This small reduction is consistent with no appreciable
change ofHint in tilted fields for x=0.47.43 Moreover, the
decrease of the in-plane field by the tilt of,1° from the
layers is only 0.2%. Therefore, the change of the Josephson
vortex number within the lock-in transition region is negli-
gibly small. The lock-in transition should be mainly caused
by the field perpendicular to the layers. SinceHc1' has the
maximum value at the high field vortex phase boundary, the
maximum in the widthDu around 17 T is qualitatively con-
sistent with the picture of the lock-in transition.

As the field approaches the critical field or as temperature
increases,j' increases and becomes larger than the layer
spacingd. Therefore, in such field or temperature ranges, the
superconductivity can not be modeled as 2D and Josephson
vortices do not exist. It explains the rounded curvatures for
u.90° at low and high fields in Fig. 5sbd, and above 4 K in
the inset of Fig 6.

V. SUMMARY

We obtained theT-H phase diagram forH ic andH ib* in
l-sBETSd2FexGa1−xCl4 sx=0.45d. For x=0.45, theSphase is
stabilized in a wide field range up to 25 T forH ic whereas it
can be stabilized only near the AFI phase boundary forH ib* .
The analyses of the phase diagram based on Fisher theory
show that theSphase can be divided into three vortex phases
stwo Ms=0 linesd: normal vortex, antivortex, and normal
vortex phases appear with increasing field. The supercon-
ducting transition widthDT shows the minima atH=0 and
around the high-field vortex phase boundary, where the vor-
tices are absent. However,DT has the maximum around 3 T,
where the number of the vortices changes with decreasing
temperature. The value ofDT at the high-field vortex phase
boundary is much smaller than that atH=0. This behavior is
still an open question. The field angle dependence of the
resistance shows the lock-in transition, due to the highly 2D
characters of the superconductivity. The field dependence of
the critical angleDu is qualitatively interpreted by the field
dependence ofHc1', which has the maximum at the high
field vortex phase boundary.
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