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Resistance measurements have been performed in a two-dimensional organic conductor
\-(BETS),FeGa ,Cly (x=0.45 to investigate the superconducting properties. In magnetic field parallel to the
layers, the superconductin@) phase is stabilized in a wide magnetic field range, which is qualitatively
understood by Jaccarino-Peter compensation mechanism. Depending on the internal field created bg the Fe 3
moments, three vortex phases in tBghase 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 layersS giese appears only near the antiferromag-
netic phase. The results fa=0.45 are also compared with those for the isostructural nonmagnetic=dalt
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I. INTRODUCTION The overall features of the field-induced phases in

i o \-(BETS),FeGa Cl, are well understood by Fischer
The discovery of the magnetic field induced superconductheoryz based on Jaccarino-PetelP effect!® In the PM

tivity in the organic conductor\-(BETS),FeCl, where phase of\-(BETS),FeCl, the localized 8 moments are
BETS is bigethylenedithigtetraselenafulvalene, has re- jligned along the external fieltH). Because of a strong
newed the interest in the apis_otropic superconduétsrin negative exchange interactich between the 8 moments

the absence of the magnetic fiel(BETS),FeCl, shows a 54 the electron spins, ther spins experience a strong
transition from a paramagnetic met@M) to an antiferro- jnternal field +H,, (H,>0) created by the @ moments,
magnetic insulatofAFI) around 8 K!=® The AFI phase is  \yhose direction is antiparallel td. Therefore, the resulting
destabilized by the magnetic field abovel0 T, and then the g approaches zero whe=H,..12 Under this condition,

PM phase is recovered. The AFI ground state has been thegse 7eeman effect, one of the destructive mechanisms
retically discussed in terms of the strong correlation efféct. against superconductivity, is completely suppressed. When
When the magnetic field is applied parallel to the conductiong”paraliel to the conduction layers, the orbital effect, which
layers, the superconductir@) phase is stabilized between s the other destructive mechanism, is also suppressed.

18 and 42 T below 1 K= This magnetic field induce®  Therefore, superconductivity can be induced by high parallel
phase is destroyed when the field is tilted from the conducfig|ds H in the order of ~H,,. The results of the

tion layers. In contrast, the isostructural nonmagnetic salgppnikov—de Haas and angular-dependent magnetoresis-
\-(BETS),GaCl, shows a superconducting transition tance oscillations confirm their two-dimensior(@D) elec-
(Tc=6 K) at zero field> The superconductivity is destroyed tronic states and the presence of the large internal fiéfts.
under magnetic field of 13 T parallel to the conduction\when the field is tilted from the layers, the orbital effect
layers? works and the superconductivity is destabilized. As the Fe
For the alloys\-(BETS),FeGaCly, the PM-AFI tran-  concentrationx decreases, the average value Hf, de-
sition is suppressed as decreases, and then the groundcreases. This effect causes the field induSegzhase to shift
state becomes superconducting for<0.35 at zero to a lower field.
magnetic field® The global H-T phase diagrams of In field induced superconductors due to the JP effect, the
\-(BETS),FeGaCl, in parallel fields(Hlic) have been presence of a new vortex phase, an antivortex phase is theo-
also investigated As x decreases, th® phase simply shifts retically predicted in a field range foH<H,,.® For
to a lower field whereas the AFI phase shrinks. The varietyH <H,,, the vortices carry paramagnetic currents instead of
of the phases is apparently due to thelependence of the diamagnetic currents. The first evidence of such antivortices
effective exchange interaction between the Een®agnetic was obtained in the field induce8 phase for a three-
moments and ther electron spins on the BETS molecules. dimensional chevrel compound EuSnMogSg.t8 A slight
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increase of the magnetization due to the antivortices in addi- 0.30
tion to the large localized Eu magnetic moments is observed 025
for H<H,,. However, the effects of such antivortex forma- 020
tion on the transport properties have not been investigated so 8 ous
far. M
In the alloy \-(BETS),FgGa,_,Cl, (x=0.49, the super- 0.10
conductivity is stabilized in a wide field range between 0 and 0051
25 T (Ref. 1) and both vortex and antivortex phases are 0.00
expected to appear at relatively low fields. Therefore,
\-(BETS),FeGa _,Cl, (x=0.45 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 in\-(BETS,FeGa_Cl, =
(x=0.45, which is closely related to the vortex phases. We 2
also compare the results with those of the isostructural non-
magnetic saltx=0).
Il. EXPERIMENT 14 ' ' ' ' E
oT Hile ()
The single crystals ok-(BETS),FeGa_,Cl, were syn- L2r 1
. . . 1.0f2s7— 1
thesized electrochemicafly.The crystals are needlelike, & osfoar Nﬁ—
elongating along the axis. The conduction plf;me is the ac o 0:6_ e
plane and the least conducting direction is tHeaxis. The 0_4_2" 125
resistance was measured by a conventional four-probe ac o2k & / 13T |
technique with electric current along thé axis. Four gold ) . oo
wires (¢10 um) were attached to the samples by carbon 0 2 4 6 8 10
paint. The experiments were made with a 14 T superconduct- T ®)

ing or 25 T resistive magnet at Tsukuba Magnet Laborato-

ries, NIMS. The samples were rotated in field by a rotator F'(E)' 1'|0Tvsm‘;er:gt“r(i)deﬂieg”hd‘;z:;e o‘;égisgit:méﬁ””ll a?:
with the resolution of about 0.05°. \-(BET9),FeGa,Cly (x=0.45. The data in(a) and(b) are taken
in the same run by use of a superconducting magnet. The déta in
ll. RESULTS are taken for a different sample by use of a 25 T resistive magnet.

Figures 1a)-1(c) show the temperature dependence of the
resistance foix=0.45 under magnetic fields. At zero mag- steeply decreases dowa 4 K and then lies just above the
netic field, as temperature decreases, the resistance decrea€s$ phase boundary . The superconductivity is stabilized
down to zero arouth5 K and then steeply increases at 3.3 K.up to 5 T at low temperatures. A similar behavior is already
These are the PM-S and S-AFI transitions, respectively. Theeported forx=0.4 by Zhanget al!® This critical field
behavior is consistent with the result reported previotfsly. H.,=5 T seems very large as compared with 2 TxXei0 at
For HIIb" [Fig. 1(a)], we note that the resistance shows nol.5 K. The AFI phase is first more stabilized with increasing
sign of superconductivity above 6 T. The transition curvesfield andTr has a maximum at about 0.5 T. After th@ij,
seem to simply shift to a lower temperature as the field in-monotonically decreases with field. Fétiic, T, decreases
creases. FoH|lc [Figs. 1b) and ic)], the transition curves down b 4 K and then becomes almost independent of field in
show characteristic field dependence. The superconductiritje range between 4 and 20 T. After thgt,decreases again.
transition first becomes sharp with increasing field up to 16The value ofT,r monotonically decreases with increasing
T. After that, the transition seems to become broad at highdiield. These features are discussed later. Figce shows
fields. The resistance shows broad peaks ab®yefor the T-H phase diagram fok=0. The value ofT. shows a
H>12 T. The S-AFI transition is not observed above 3 T forslightly positive curvature for the perpendicular fighb"),
T>1.7 K. For comparison, we present the resistive transitiors observed in various layered superconductors. The results
curves for the nonmagnetic sakt=0) in Fig. 2. For both are consistent with those reported previodsly.
field directions,HIIb* andHllc, the transition curves mono- In Fig. 4, we plot the resistive transition widtir, which
tonically shift to a lower temperature as field increases.  is defined asAT=T(R/R,=0.9 -T(R/R,=0.1). For x=0.45

In Figs. 3a) and 3b), we present th@-H phase diagram [Fig. 4@)], the field dependence &T for HIlb" is not clear
for x=0.45. It is pointed out that there may be no apparenbecause of the limited field region. HoweveT for Hllc
correct choice of criteria to unambiguously determineor  first has a maximuni~2.5 K) around 3 T and then decreases
He, in resistance measuremehtdn this paper, we simply down to 0.5 K around 17 T. At higher fieldAT seems to
defineT, whenR/R,=0.5, whereR, is the normal state re- increase again. For comparison, we presg&htfor x=0 in
sistance given by extrapolating tH&(H) curve from the Fig. 4(b). In both field directions, we note thAfT monotoni-
high-temperature range. Fétlb", as the field increase3, cally increases with increasing field.
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FIG. 2. Temperature dependence of resistancédioH||b* and
(b) Hllc in A-(BETS),FeGaCl, (x=0).

Figures %a) and 3b) show the magnetic field angle de-
pendence of the resistance at 3.25 K %er0.45, where the
field is rotated in théo"c plane. FoH ¢, the resistance has a
steep decrease dye to the_s_upe_rconductmg transition. At 4 T, FIG. 3. T-H phase diagrams fofa) Hllb" and (b) Hllc in
the superconducting transition is rather rounded, whose an-

lar d d . imatelv ai b imol i x=0.45, and(c) in x=0. The closed symbols show the data from
guiar depencdence '2 approximately given by a simple sca Ingigs. 1 and 2. The open symbols show the data determined from the
function R~ |coq#)|«. This scaling behavior suggests that

. . magnetic field sweeps at 30 mK. The solid lineqlm and(c) are
the resistance depends only on the perpendicular Componeéglculated phase boundaries fdfic by Fischer theory. The dotted

OT the exterr;glofleld, i.e., the electronic Stat? IS h'ghly_twolines in (b) show theM¢=0 lines, dividing theS phase into three
dimensional®?° The exponentr decreases with increasing different vortex phases. See text for detail

field and the curve at 8 T is well fitted with~1.0. As the
field further increases, the superconducting transition for
0=90° becomes sharp and peaks on both sides of the tran-

HoH (T)

sition become evident as denoted by arrows. The peaks are T T T T T

visible up to 21 T and then rounded curves appear again at 3k (@ -

higher fields. The peak positions depend on field. The steep o~ x=0.43

change of the resistance, deviating from the scaling o Jf . -

R~|cog6)|* suggests some phase transition. We have mea- e .

sured the resistance in the opposite field rotation, but found < LHme . Hife |

no appreciable hysteresis. For comparison, the results for *ereeesens®’

x=0 are also shown in Fig.(§). We observe a similar resis- 0 ) ) ) ) )

tance decrease due to the superconducting transition for 0 5 10 15 20 25 30

0=90°. The transition is monotonically suppressed as the 3.0 , , , ,

field increases as expected for conventional superconductors. =0 (b)

The peaks on both sides are slightly visible evenxfa0. 251 -
So far, similar peaks and step decrease of the resistance in g HU b

parallel fields have been observed in hihsuperconduct- £ 20 o . . . 7

ing cuprated' and an organic superconductérThey have < o eec Hilc

been interpreted in terms of a vortex lock-in transition and/or 1.5¢¢ ]

flux flow resistancél?2 Although the interpretation is still 1o , , , ,

somewhat controversial, it is likely that the results in these o 2 4 6 8 10

salts are caused by the vortex lock-in transition as discussed 1oH (T)

later.
Figure 6 presents the magnetic field angle dependence of FIG. 4. Resistive transition widtAT for (a) x=0.45 and(b)
the resistance at various temperaturesxtef.45. As shown x=0.
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FIG. 7. The peak widtlA 6 at 3.25 K forx=0.45 andx=0. The
solid and dotted lines are the calculated results. See text for detail.

IV. DISCUSSION

A. Phase diagram

The global H-T phase diagrams of
\-(BETS),FeGa,_,Cl, in parallel fields(Hllc) are qualita-
tively understood by Fischer thedfybased on Jaccarino-
Peter(JP effect in 2D systemét Fisher gave a full descrip-
tion for T, and H, in the 2D case under fields along the
conduction layers

. 5 . .
80 85 90 95 100 Y
0 (degrees) +<}_i)\_so>q,<}+hz"’”\sdz_i?’)_q,(l)
FIG. 5. Resistance as a function of the field anglie the bc 2 4y 2 2 2
plane for(a) and (b) x=0.45, and(c) x=0. The definition ofA# is (1)
shown in(a).
y=[a?(h+hy?=\5o]"2. )

in the inset, the peaks are evident in the range between 3.25 |n  the formula, reduced units are used=T/T,,
and 4.5 K. The peak positions slightly shift to 90° as tem-h=0,53—|cz/|-|;2 and hJ=0.53-|J/Hf:2. There are four adjust-
perature increases. Figure 7 presents the peak wAdtiat  able parameters, the critical temperatiigethe orbital criti-
3.25 K, defined in Fig. &). Forx=0, we note tha\¢ has a  cal fieldH_,, the exchange fielth; whose field and tempera-
tendency to decrease with increasing field. ¥80.45, how-  ture dependence is given by the Brillouin function, and the
ever,A# increases with field, has a broad maximum aroundspin_orbit Scattering paramet®ego The Scattering parameter
17 T, and then seems to decrease. At high fields, the pealggie to magnetic impurities,, is taken to be zero for sim-
are very rounded, so the data include large errors. This bgslicity. ¥ is the digamma function. The value is Maki
havior seems correlated to the transition widfh shown in  parameter defined as= \*‘Eszal: whereH, is the Pauli
Fig. 4(a). limit, 23.24

When the internal field;, is sufficiently large, the low
and high fieldS phases are well separated. However, when

oK ¢ Hi.. is relatively small, both thé& phases are merged into a
[ 45k Y ] single S phase. This is the case far0.45. The AFI phase
1E 36K v\/ e inside theS phase is due to another mechanishThe solid
s X oL C E line in Fig. 3b) shows the calculated result with the param-
© [wx a’ oK | etersT.=5.7 K, uoH,,=27 T, the saturated value of the ex-
01t < 4 change fieldugH;=18 T, and\go=6. The field dependence
i : of T, has a maximum when the field=H,,. It should be
i B 9% % noted that the internal fielt;, is lower than the exchange
001 T BT A L field, Hi,=H;—1/7, where = a/\soT.. We obtain that
70 80 90 100 110 120 . oL
6 degress) Hiw=Hj; in a pure 2D case becaubk, is infinite (1/2=0).

The experimental result seems well reproduced by the
FIG. 6. Resistance as a function of the field anglie theb’'c  theory. For comparison, we also show the calculated result

plane forx=0.45. The inset shows the lock-in transition behavior for x=0 by the solid* line in Fig. 9:). The parameters for
near 90°. x=0 areT,=5 K, uoH,=13 T, uoH;=0 T, and\go=9. The
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smallerHy, for x=0 shows that the Josephson coupling be-phase jumps at Josephson junctifi8? and superconduct-
tween the BETS layers is stronger. This tendency has beeng fluctuation3® However, the major mechanism of the
explained in terms of the Cooper pair tunneling via thebroadening is still controversial. Generally, the supercon-
empty 4 levels of the G&ions’. The smaller\go for  ducting fluctuation is enhanced for short coherence length
x=0.45 may be due to the better sample quality. ¥80, and is evident only near the transition temperature. Because
He below 2 K is much larger than the fitted results, exceed-of the relatively long coherence length and very broad tran-
ing the Pauli limit. This behavior is first reported by Tanatarsition width, it is unlikely that superconducting fluctuation
et al?®> and the possibility of a superconducting state witheffect is dominant fol\-(BETS),FeGa,_Cl,. In these ex-
spatially modulated order parameter is proposed. periments, the electric current is perpendicular to the layers
When the JP effect works as in this case, the presence o¢f[b"), so the flux linesJosephson vortices in this case, as
a new vortex state, an antivortex phase, in a limited magnetidiscussed latgrare forced to move in the layers by Lorentz
field range is predicted by Fishet al1® They calculated the force for Hllc. Such flux flow should cause some energy
free energy with use of the Ginzburg-Landau theory, andlissipation, which makes the transition width broad. The
obtained the magnetizatidd; of the superconducting state, number of the flux increases with the field, the transition
which does not include that of the localized magnetic mo-width due to the flux flow should increase with field. This
ments. The condition for no vorticedds=0 (H=H;) is  picture qualitatively explains the results for 0 in Fig. 4b).

given by At present, we can not conclude that only the flux flow is
the mechanism of the transition width fa=0. However, it

1+9H- HJ(H,T)](l _w) = (3) may be worthwhile to discuss the transition width for
dH x=0.45 in terms of the above picture. As shown in Figh)3

When the low- and high-fiel® phases are merged into a there exist twoM;=0 lines in theT-H phase diagram. Ap-

singleS phase as shown in Fig(18, there are two solutions, Parently,Ms=0whenH=0. Because of no fluno vortices

- . ; r Mg=0, the widthAT should have minima at the fields
\(/jv:uz:?dz_arlftzo(igrrespond to the points at the boundaries Wher{;é\?hereMS:O if the flux flow is the dominant mechanism. The
C - .

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. Fdi=0 andH~=17 T, the
‘internal field Hy, is zero and well saturated in the whole
temperature range, respectively, ild;,; has no temperature
dependence. In the field near the low-fidld=0 line, how-
ever, H;,; 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
phase is realizetf. In the S; phase, a normal vortex phase AT~06 K for H=17 T is much smaller than 2.1 K for

appears again becaubk,;<H. These unique vortex phases |, _ .

are probably the main ortigin of the observed anomalous tranH._O' The result is not under_stood by the flux flow mecha-
" : . o : : nism. At present, the reason is not clear.

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-inducgghase of the C. Lock-in transition

chevrel compound® The magnetization was found to have a . . .

small paramagnetic component in addition to the large para- For anisotropic superconductdrsthe szburg-Landau

magnetism arising from the localized Eu moments. HowevergGL) co_herence lengths parallel and perpendlcular to the

any anomalous features in the resistive transitions as otfonduction layers., and ¢,, are determined from the

: _ llel and perpendicular upper critical fieldsl
served in\-(BETS),FeGa,_,Cl,(=0.45 have not been re- para o el
ported in the chevrzeli(orilpéu;d. = ol 2m¢ (DE(T) andHea, = o/ 27§ (T)?, whereds, is the

For HIlb" [Fig. @], the orbital effect strongly works so flux quantum. Fox=0.45,¢, and¢, at 1.5 K are estimated

that the superconductivity can not be stabilized in high fields!© € 130 and 11 A, respectively, if we takgy =Hy,. Since

When the AF order is broken by the field, thd Bioments the Ieng_tth is shorter than the layer SpaCiF‘gm A, this
are almost aligned along the field. In this process, the interSYStem is modeled as a 2D supercondutttris known that

nal and external fields are probably canceled out in the ver tr.ans.ition o_f ﬂux line structures as g_function of the mag-
limited field range, i.e., the Zeeman effect is suppressed. Thi _etlc field direction, a Iock—ln'transmon takes. place for
is probably the reason why we observe the superconductivit}]!9ly 2D superconductors, which are characterized by lay-

stabilized just above the AFI phase boundagy, (up to 5 T) red structures and short coherence length along the perpen-
as reported previoush} dicular direction. In magnetic fields sufficiently tilted from

the layers, there exist conventional tilted flux lines or com-
bined vortex structures made by Abrikos@vancake and
Josephson vortices, which penetrate into the superconducting
The resistive transition broadening in highly 2D systemslayers perpendicularly, and lie in the insulating layers, re-
has been discussed in terms of flux fltfagrder parameter spectively. When the field becomes almost parallel to the

In a high-field rangeH;=const, i.e.,dH;/dH=0, so we
obtain H:Him:HS—l/n. It gives a high field vortex phase
boundary. In a low-field range whek, is sufficiently low,
we have another solution, giving a low-field boundary. Con
sequently, we have three vortex phaSessS,, andS;, whose
phase boundaries are shown by the dotted lines in Fig. 3
In the S; phase, wherdd;,;,<H, M, is negative(the elec-
tronic state is diamagnejicThis is a normal vortex phase. In
the S, phase(H;;>H), Mg is positive, and an antivortex

B. Resistive transition width
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Heo(0)sin(6) \2
ces are excluded and only the Josephson vortices are stabi- +< H ) =1. (6)
lized. Since the motion of the Josephson vortices causes c2
much less energy dissipation than that of the Abrikosov vorThe value ofHc,(6) shows a cusp fog~90°. If we take
tices, the resistance steeply decreases at the lock-in transio=H,=27 T and H,, =5 T, He(6)/Hep is 0.98 for
tion. Peaks may appear at the lock-in transitions because @=89°, where the lock-in transition is observed. This change
the critical fluctuation effect. The lock-in transition has beenapproximately causes the reduction tf; only by 0.16 T.
reported in magnetic torque, ac susceptibility, or the resisThis small reduction is consistent with no appreciable
tance in  highf, cupurated-33-36 and organic change ofHiy in tilted fields forx:0.47_f13 Moreover, the
conductoré37:38put the full detail of the interpretation still decrease of the in-plane field by the tilt f1° from the
seems controversial. Feinberg and Villard consider the solil@Yers is only 0.2%. Therefore, the change of the Josephson
ton lattice shape of the flux line core and obtain the criticalVO"t€x number within the lock-in transition region is negli-

r I gibly small. The lock-in transition should be mainly caused
angle 6 where the lock-in transition takes pldte by the field perpendicular to the layers. Sirtdg , has the

maximum value at the high field vortex phase boundary, the

layers, a lock-in transition takes place: the Abrikosov vorti- ‘ Ho(6)cog 6)

Heo

1 H H\ ]2 maximum in the widthA# around 17 T is qualitatively con-
sin(6,) = —[2a—(1 +52—>] (4) sistent with the picture of the lock-in transition.
™ H H As the field approaches the critical field or as temperature

Here @ andH" are of the order of 0.5 anH., |, respec- increases¢, increases and becomes larger than the layer
" C 1 . . .
tively. The anisotropic parameter of the superconductivity isspacmgd. The.re.fore, in such field or temperature ranges, the
defined ase=H.../H superconductivity can not be modeled as 2D and Josephson
— el tle21-

On the other hand, Bulaevskit al. show that the lock-in vortices do not exist. It explains the rounded curvatures for

transition occurs when the perpendicular component of thgen: ?gse?tol;)vgi;%d high fields in Fig.(6), and aboe 4 K in

field exceeds a threshold field,, which is independent of
the field angle and less thath,,  .° The critical angled, is V. SUMMARY

given by We obtained th@-H phase diagram folic andHIIb" in
\-(BETS),FeGa,,Cl, (x=0.45. Forx=0.45, theS phase is
sin(6,) = Hy/H. (5) stabilized in' a wide field range up to 25 T faiiic whereas: it

can be stabilized only near the AFI phase boundaryHfioo" .

The solid and dotted lines are the fitted resultsXeil0  The analyses of the phase diagram based on Fisher theory
with Egs. (4) and (5), respectively. Both theories predict a show that theS phase can be divided into three vortex phases
second order phase transition 6t which is consistent (two M¢=0 lines: normal vortex, antivortex, and normal
with the observation of no hysteresis. The parametersortex phases appear with increasing field. The supercon-
are a=0.25, uoH'=100 G, =5 in Eq. (4) and uoHy  ducting transition widthAT shows the minima ati=0 and
=500 G in Eq. (5. Both curves can reproduce the around the high-field vortex phase boundary, where the vor-
experimental data. AlthougpoH;;, has not been obtained tices are absent. HoweveXT has the maximum around 3 T,
experimentally, it should be comparable t890 G in  where the number of the vortices changes with decreasing
k-(BEDT-TTF),CuNCS), (T,=~10 K) (Ref. 39 or ~40 G temperature. The value &T at the high-field vortex phase
in k-(BEDT-TTF),l3 (T.=3.5 K).*! Therefore, the value of boundary is much smaller than thatt&0. This behavior is
moHiw=500 G may be too large. The model by Feinberg andstill an open question. The field angle dependence of the
Villard may be more appropriate. resistance shows the lock-in transition, due to the highly 2D

For x=0.45, the transition widthAd has a maximum characters of the superconductivity. The field dependence of
around 17 T forHIIc, where the external and internal fields the critical angleA# is qualitatively interpreted by the field
are almost canceled out, i.e., there are few vortices. As thdependence oH.; ,, which has the maximum at the high
field is tilted from thec axis, the orbital critical fieldH_,  field vortex phase boundary.
decreases, and consequently the internal figlg= H3—1/77
decreases becauses 1/H,. It means that the number of the ACKNOWLEDGMENTS
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