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'

 Energy dissipation of vertices in layered superconductors Bi2Sr2CaCu20s+6 and rc -(BEDT-
TTF)2Cu(NCS)2 was investigated by the free torsional damping oscillation in magnetic fields up

to 9 kOe in the terrtperature range from 1.5 K to the superconducting transition temperature

T:,. The torque and dampirig coefficients were obtained as a function of the magnetic fieid and

the temperature. A iarge anisotropy af damping and torque coefficients were found and ex-
plained by assuming a model of two dimensional vortex pancakes.

                1. Introduction

  The superconducting properties ef the high-Z copper

oxides are characterized by the Iarge aniso' t, ropy prigi-

nated from the layered structure in which the conduet-

ing Cp02 layers and the insuiating blocking layers are

aiternately piled up. The crystal structure of. t,he

oxide superconductors are reduced frorn the modifiea-

tion of the perovskite sbructure. On. the other hand,

the organic supercgnductors including the
Bisethylenedithio-tetrathiafulvalen (BEDT-TTF) mole-

cules are 'regardless of the perovskite structure.

However, their superconductipg properties are charac-

teristic of the two dimensional superconductor as well

as the high-Z copper oxides because of the layered

structure consisting,of the conducting BEDT-TTF

molecules layer and the insulating anion layer.

  A lot of new phenomena concerning about ,the mag-

netic field H vs. temperature T phase ,,diagram has

been investigated iri these layered superconductors

both by theoretical and experimental researchers'-6).

Especially, the vortex lattice melting'), the anomalous
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depinning and the dimensional crossovef of vortex

pancakesi' attract mach attentioh.･ Iri order to study

the vortex,dynt}mics, the study of the energy dissipa-

tion aceompanied by the vortex motion are important.

The typica1 metbod to study the energy dissipation is

an ac susceptibility measurement. In the case of the

ac susceptibi4ity measurement, the'response to the
             t/modulati6h of the flux }ine density is bbserved. This

corresponds to the compressibility ineasurement for

the vortex lattice. On the pther hand, the /resPon//,e 'to

the tilting of the fiux line is observed in the;case of

the torsion' al oscillation. That eorresponds'to the tilt

modulus measu･rement for the vbrtex' lattice. , Farrell

et al. found the dissipation peaks in the re' versible re-

gion of YBa2Cu30v-e (YBCO)9'. They claimed that the

peaks reveal the melting transition.

  In,this paper, low frequency torsional oscillation

meastirement is appl'ied to two kinds of layered super-

conductor.s: the high-Z copper oKide superconductor,

Bi2Sr2CaCu20s+6 (Bi2212), and the organic salt super-

conductor, rc-(BEDT-TTF)2Cu(NCS)2. They are typi-

cal two dimensional superconductors for each material

group. The anisotropy parameter defined by the

square root of ratio of the in-plane effective mass tQ

that perpendicular to the conducting plane, 7, is re-

ported as 7==55 to 220 for Bi2212'O'i') and 7 =200 to

350 for rc:(BEDT-TTF)2Cu(NCS)2i2'i3', The conducting

layer lies in the ab-plane for Bi2212 ,and in the bc-

piane for rc-(BEDT-TTF)2Cu(NCS)2. The common
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properties for the vortex dynamics in the HT phase

diagram of the layered superconductors are reported

                           '
                2. Experimental

  Figure 1 shows the schematic diagram of oscillation

system. Free torsional oscillator has been made up by

hanging a inertia disk bf a brass cylinder and a

quartz rod from the suspension wire of tungsten.

Rotational oscillation is detected optically. The rota-

tional oscillation axis is perpendicular to the applied

field. The oscillation period is about 3 seconds in zero

field.

                                         '
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                                    . t.
  . , n"=no+nsarnple, K=leo+lesutnple, . , (2)

                                                  '
   where no, n..ple, leo and h,.,.ple repres.ent the damping

   coefficient by ,t.h.e oseillator apparatus, that by the

   sample, the torque coefficient by the restoring force

   of the suspension wire (leo=O.412 dyn.cm/degrees)

   and that generated by the sample under magnetic

   fields, respectively. Below 71 and under magnetic

   fields, the oscillation is damped by the energy dissipa-

   tion of vortices. The solution of Eq.(1) becomes

                              '
          e(t)=e,exp(-t/T)cos(cot+6), (3)

      '
   where eo and 6 are the initial angle and the initial
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 Fig. 1. The schematic diagram of oscillation system.

                 '
  The equation of motion of the torsional oscillator is

described as
             '

       if,9 +n d,,9 +Ke==o, (i)

               '

where l, e, t, n and K represent the moment of the

inertia of the oscillating system (Ipt5.14g.cm2), rota-

tional angle, time, a damping constant and a torque

coefficient, respectively. n and K are given by the

summation of the contribution due to the oscillator

apparatus itself and that due to the sample as

phase, -respectively. angle crys-
tal axis from the direction of the magnetic field was

less than 1 degree for all kinds of measurement. The

decay time r and frequency tu are given by

                                '
                                              '       T= 2I ,- w=V"(KID-(n12D2. (4)
            n

Experimental values for t and to are obtained by fit-

ting e(t) at each temperature and magnetic field by

means of least-square program of Eq.(3). In zero

field, T and a) depend only on ne and leo at each

temperature. n.,.rk is obtained by subtracting 1/T

in zero field from that in magnetic fields. h,ampt is also

obtained by using leo data from the zero field meas-

urement,at the same temperature.

  Thg Bi2212 single crystals were prepared by the

traveling solvent floating zone method. These sam-

ples are annealed at 618℃ for 70 hour to homogenize

the oxygen distribution in the compQund. The

superconducting transition temperature and the transi-

tion width are 71 =87.4 K and ATL = O.8 K, respec-

tively. Three samples with suitable size has been used

in the,measurements. The samples is in the form of

thin flat plates of dimensions: (a) 2.5×1.3XO.02, (b)

1XO.5XO.02, (c) O,5xO.5xO.O03mmS. ,
  rc-(BEDT-TTF)2Cu(NCS)2 single crystal was grown

by an electrochemical oxidation method'O. The sample

is also in the form of flat plate of dimension: 2.5×

1.4XO.2mm3 weighting O.6mg. The superconducting

transition 'temperature is 7t=9.7K. ,

  FQur kinds of experiments in diffe'rent field configu-

ration .and,cooling method were done'for each sample

of Bi2212 and rc-<BEDT-TTF)2Cu(NCS)2. For each
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compound, the measurements have been done for both

configuration of the magnetic field perpendicular to

the layer plane and that parallel to the layer p}ane,

and for each field configuration, the measurements

have been done in zero fields cooling and in field cool-

ing. The experimental conditions are summarized in

Table 1. In Bi2212 .case, ZFC and FC indicate cooling

down from 100 K to 4.2 K through 71 in zero field

and in a given applied field, respectively. In rc-(BEDT-

TTF)2Cu(NCS)2 case, ZFC FC indicate cooling down

from the tetnperature above 20 K to 1.5 K through

Z in zero field and in a given applied field, respec-

tively.

          Table 1 Experimental condition

f Vortices in Single Crystal of Layered Smperconductors Bi2SrgCaCueOs+s and
  re -(BEDT-TTF)eCu(NCS)2 under Magnetic fields

Sample
Cooling

method

Magnetic.fielddirection

fore=oo

Bi-1 Bi2Sr2CaCu20s+6 ZFC Hiconductinglayer(Hiab)

Bi--2 Bi2Sr2CaCu20s+6 FC Hiconductinglayer(Hiab)

Bi-2 Bi2Sr2CaCu20s+6 ZFC Hl/conductinglayer(Hllab)

Bi--2 Bi2Sr2CaCu20s+e FC Hllconductinglayer(Nll-ab)

T-1 rc.(BEDT-TTF),Cu(NCS), ZFC HLconductinglayer(H±bc)

ET-2 rc-(BEDT-TTF),Cu(rCS), FC Hlconductinglayer(H±bc)

T-3 rc-(BEDT-TTF)tCu(NCS)2 ZFC H/1conductinglayer(Hllbc)

-T-4 rc-(BEDT-TTF)K]u(NCS), FC Hllconductinglayer(Hl!b6)

            3. Results and discussion

3.1. Bi2Sr2CaCu20s+o

                   .  Typical examples of the oscillations are shown in

Fig. 2 (a) at T==4.2 K and (b) at T=45 K for the

field direction Hlab-plane.･ Solid lines in the figures

indicate the fitting curve by using Eq.(3). It is clear

that the time dependence of the angle follows Eq.(3)

                                Hllab-ptanc (ZFC)

H = 1 kOc
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and that co and T for T - 45 K are different from

those for 4.2 K. At each temperature and magnetic,

field, kts..pl, and n,.,.pl, are obtained by using Eq.(2) and

Eq. (4).

  Figure 3 indicates the temperature dependence of

torque coefficient' le,,.plta in several magnetic fields.

Figure 3 (a), (b), (c) and (d) correspond to the case

Bi-1 (ZFC, H.Lab), BiL2 (FC, H-Lab), Bi-3 (ZFC, H

//ab) and Bi-4 (FC,-Hl/ab), respectively. In the case

of ZFC, H±ab (Fig. 3(a)), le.,.,le under field has nega-

tive sign and the magnitude increased abruptly below

20 K with decreasing temperature. The result is con-

sistent with the increase of the static magnetic torque

reported previously'5). On the other hand, in the case

of FC, H±ab (Fig. 3(b)), the le,.,.pl. is positive. It

means that the flux pinning makes the field direction

perpendicular to the ab-plane stable direction. For

Hl/ab-plane , there is no difference in h...pl, for ZFC

(Fig. 3(c)) from lesaniple for FC (Fig･ 3(d))･ hsarnpie be-
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gins to increase slightly below Zl, increases rapidly at (a)

around 40 K, and then remains constant below 20 K.

la.,.pla is proportional to H2 in the temperature region

where 1?..pl. is independent of T below 20 K.

  Temperature and field dependence of damping coeffi- CEg
cient n..pl, is obtained as shown in Fig. 4(a)(b) for ';MS 40

                                                  pt-e3o
the case Bi-1 (ZFC, H±ab), Fig. 5(a)(b) for the case
                                                   ･ 20
Bi-2 (FC, H-Lab), Fig. 6(a)(b) for the case Bi-3 ,;lllo

(ZFC, Hl/ab) and Fig. 7(a)(b) for the case Bi-4 (FC, S. O
H//ab). Solid line in Fig. 4(b) and Fig. 5(b) for -,'.Ee. O

H±ab-plane is the irreversibility line determined by

the static magnetic torque measurements'6). In the

case of H±ab-plane, as the temperature is decreases,

n,..pt, increases, shows peaks w.ith some complex struc-

ture in the irreversibility region in H:T plane as

shown in Fig. 4 and 5. Since the oscillation damping

in the irreversible region is observed in this experi-

ments, it should･be originated from the energy dissi-

pation due to the depinning of the flux lines.

Qualitatively, the data in FC is very similar to the

data in ZFC. With increasing the field, n.,.pl, in-

creases abruptly around 1 kOe in the temperature

range from 4.2 K to 30 K. In the case of Hl/ab-plane

(Fig. 6 and 7), n,,,.,la increases below 71, shows a

broad peak and decreases to zero with decreasing tem-
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perature, while it remains finite at 4.2 K in the case

H±ab-plane. The results are independent of t.he cool-

ing method whether FC or ZFC.

              '                           '
3.2. rc-(BEDT-'I"r.F),Cu.(NCS)2 ,
  Figure 8 indicates the temper.ature dependence of

2?..,,pm in several magnetic fields. Figure 8 (a), (b), (c)

and (d) correspdnd to the ease ET-1 (ZFC, Hibc),

ET-2 (FC, H.Lbc), ET-3 (ZFC, Hllbc) and ET-4 (FC,

Etrlbc), respectively. In the case of FC, Hibc-plane

(Fig. 8(b)), the la..,t, is positive. It means that the

flux pinning makes the field direction perpendicular to

the bc-plane stable direction. In the case of ZFC,

H17bc-plane (Fig. 8(c)), jka..pm begin to increase slightly

below tTV, increases rapidly at around 7 K, and then re-

mains steadily below 2 K. At 2 K, fe,..pm is propor-

tional to H2.
                             '
  Temper'ature and field dependence of damping eoeffi-

cient n..,pt, is obtained as in Fig. 9(a)(b) in the case

ET-1 (ZFC, H-Lbc), Fig. 10(a)(b) in the case ET-2

(FC, H±bc), Fig. 11(a)(b) in the case ET-3(ZFC,
Hllbc) and Fig. 12(a)(b) in the case ET-4(FC, Hllbc).

SQIid line in Fig.9(b) and Fig.IP(b) for H.Lbc-plane

is the irreversibility line determinedl by the static

----+･ --
(b)

"wtcuLintuXv[L`"-L".L--

  ･ ･---
  Hj.bc-plane (FC)
   S.. -lg',gksOek.sg 1

   ･ Y, : 8Ii5 :8g 4

ff""m"vavuvpmew....mp. .-+'pmX

r- 't+' r
    H/lbc-plane (ZFC)

s 8. gli),ilsOCk,s:

     " Ht O.25 kOe
     t) H=o.1 kOe

 r"t/".- ･ ,･ ,/ ', ,･ N-. .'･. .T.tifTtpt- .V',;'

 "n"'- -- -L-- ++H--t"'-'

    'Hr/bc-plane (FC)

  o ;" Ltx?)=ksOeko.

  .---,.m---tT ----F-.-fr '-tT-"t/
(c

' ,seetrpt.zs:･cxizs-rct!KiKsak,si 1

       ..e,/-. ,. b.,tl(g.:1. v.{' "[e.'･<, ny"t, :'." ,K"

                                     1  --k-,-i-･ifimb･ ･----- 1

                                 lg{ 1

                                     1

o
t o 2 '4 6 8 10               Temp. (K}

8. Temperature dependence of torqpe coefficient
    h..ab in several magnetic fields for rc -(BEDT-

   'TTF)tCu(NCS)2: (a) ET-1 case (ZFC, Hibc-

    plane), (b) ET-2 case(FC, H±bc-plane),
    (:),g,T,'(3FgftS?i(ZFbC,:pil.g,b)c'piane) and (d),ET.

                         '               '
   torque measurements'3). In the case of Hibc-

   the. temperature is decreases, n.,.pm inereases,

      with some structure in the irreversibility

   HLT plane as shown in Fig. 10. The oscilla-

       is observed in the irreversible region as

     of Bi2212. It suggests the energy dissipa-

   to the depinning of the flux lines. n,.,nab in-

  abruptly around 1 kOe with increasing the

  the temperature range from 1.8 K to 3 K. In

   of HIAb-plane (Fig. 11 and 12), the damping

   increases below Z, shows a broad peak and

   to zero with decreasing temperature, while it

  finite at 1.8 K in the case Hibc-plane.

      .magnetlc

plane, as

shows Peaks

region' in

tion damping

in the case

tion due

cr'bases

field in

the case

constant

decreases

remalns

H



52

(a)

Hirofumi NuMl, Kazuo INouE, Shuichi KAwAMATA,
   Takahiko SAsAKI and Naoki ToycrrA

                   (a)

Kiichi OKuDA,

fi
-""'

e..2
-Ts'

 hD 1

 eg o
  kmo
   F

  (b) i

   3
   o
   M O.5
   v
   =

       o

.,s' i '`

   , , ., 'c

･i

l･liil.ii ''il'･i.'

l
l
l
,
'
i
.

･･

 .i./,l. I･'
,11.l/-,, ili. '

. , ,, ･1 ･

 T(ZBc)

1

. ,.･'  ,s

,･･' ･"･l
. tt

tt

tt

l'

8

.tt /t

''
l'

tt

.yt

2
u'''

t

loO

-t--Se.n2
T･ 1.8
g 1.6

t-'s l:2`

l! ,.g

'32 o.6

V.O.4
 trO.2

go

O.5L g s

 s
te

   ･ -1-111

   t ttt    ,s,l-･

    ym
   i,/11/1･

･'
r'$g't

tl,¥i.,,..ilil,///,//, ,,. ･

Fig. 9.

a;g.2o
"'e 15
 si 10

eb 5
 oO  }o
   e

  (b) i

   s
   o
   M.vO.5

   =

      o

..'

l･Ii'Ili'l',I･i i. ･i, ,･i

4

T(K)
 ./,･.-

 x/tl, ,
  k,.
 ' he''wl

  - :ll,･

l' l

6

sl/

O2468 10      T (K)

 Temperature and field dependence of

 n..ab in the case ET-1 (ZFC, H±bc-
plane) for rc-(BEDT-TTF)tCu(NCS)2.
 (a) 3D plotting, (b) Contour mapping.

2

  ･ tig-･l-

 Tt..

 t'tx.
I･I･'

i.i,i-i

'k,,/., :,, .

 li.ttt

  .･--..

  t.":,'' ,ti Ml ･L ･

     s       /t  tt tt t

     x
8 loO
      ,E.b.i8

      :. 16
     "sll IS

      .!!f} 10
     tn 8
      S.2
      ,.=,L3

1

o･58
 s
tu

･･

1
/
/
,
1
･
[
/
l
･
,
1I'･･,,.

. '･'n.

     o

Fig. 11.

(a) (a)

  2468 10     T (K)

Temperature, and, field dependence of

nzamrb in the case ET-3 (ZFC, HZZbc-

plane) for- rc-(BEDT-TTF)2Cu(NCS)2.

(a) 3D plotting, (b) Contour mapping.

,-

. F,t

s
g2o
e.'"e 15
 V 10

gs
  sO  "o   E
   e

  (b)

    i'

    H

Fig:

2

vt

8

6

4

2

o
 o'

10:

 !.-,
fi .,,

ttt

 ttt

4

IS', 'e. ,

tt/

"'
 't t' t e'.

T(zkr)
6

tt/t

 tt /t t.ttt tttt l
'･ ../S.

' .x'

8

tlt.,'',,t.,'
 ,t,.

      ttttt t.. t
tt t//

 tttt

. ..

     '    ' ttt t tt tlt

t''tti''t t t

  tt'･'･li.l,･1･ 2

 t.t ･･･ .s

   o 10
  Q.D20
  ti 18
  o--f･･tg

  lteig

 Z-2.2sstw

  -"s 2 '':':-'

  "-o

 H±bc-

  mapplng.

 68

4.8

aj

'

  t t tt tt tttt tt ttt t t t                   tt  2468 10･ ･ T (K) ･
Temperature and field dependence of
near.ab in the case ET-2 (FC,

plane) for rc-(BEDT-TTF)2Cu(NCS)2.
(a) 3D plotting, (b) Contour

a
e':'

tt20
ele 15
 ･ 10
gs
  to   Zo
 ,e

  (b) i

   s
   o
   M O.5
   v.
   =

       o

2 4'
     6sT(:l()

'･'{l･IMIili''11'i

    er    ;lli.e;i :

   it"'/'''/''

t/ttt
t tt t/ t t t

tt

loO

=.D20
e:" 1'8

 g 16
t-)･.I3

.gig ig

"32 6
Y-.4
 tr 2
 e-o

     o

Fig. 12.

   1

o･56
F <eEl

j:r

                '  2 4 6 8 10.
                '     T(K) ･･-
Temperature and field dependence of
n...pt. in the case ET-4 (FC, HZZbc-

plane) for rc -(BEDT:TTF)2 Cu(NCS)2･

(a) 3D plott}'ng, (b), Contour mapping.



           Energy'Dissipation o

             '
3.3. Discussions

  Bi2212 and rc-(BEDT-TTF)2Cu(NCS)2 are different

kinds of superconductors. In Bi2212, the conduction is

mainly carried in Cu02 plane, while in rc-(BEDT-

TTF)2Cu(NCS)2, it is contributed to the overlapping

of the rr -orbits in BEDT-TTF molecule layer. In addi-

tion, TL for Bi2212 is ten times higher that for rc-

(BEDT-TTF)2Cu(NCS)2. ･However, the results of

dumping oscillation measurements are -almQst the

same as a function of the reduced temperature,

7Y 71 . Therefor, the characteristic points of the ex-

perimental results are attributed to the common prop-

erties for highly two ' dimensional layered

superconductors. ･
  For highly two dimensional layered superconductors,

the models of the vortex pancake") ,and the stepwis' e

penetration'8) 'of magnetic flux perpendicular to the

layer plane have been proposed. The flux parallel to

the layer plane penetrates to spread into interlayer

space. In the view point of this model, the common

properties for these two superconducting materials are

explained qualitatively. ･

  Figure 13 (a) is the schematic diagram of flux pene-

tration for the case of H perpendicular to the layer

plane. The solid squares in the figure indicate the

vortex pancakes. In this magnetic field configuration,

the ene; gy dissipation caused by displaeement of the

pancakes within the plane is observed in the torsional

        '
                   '          L "4 , ,,,,i.,i,i.

                                           tt                                           '

                  '                                      '
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oscillation measurements. ,

  Figure 13 (b) the schematic diagram of the flux

penetration for the case of H parallel to the layer
plane. In this magnetic fie16 configuration, the mag-

netic flux can penetrate easily into the interlayer spac-

ing without any resistance due to the extrinsic pinning

effect. Therefor, no difference between the FC and

ZFC cases is expected for both of Ze,ampl. and n...pi,. In

practice, the data for the FC case is the same as that

for the ZFC case. In the low temperature region, the

lock-in state where the flux which penetrate into one

interlayer space can not move to the other interlayer

space over the conducting layer is expectedi9). In such

a state, since no flux can penetrate across the con-

ducting layer, the magnetization perpendicular to the

layer plane is proportionel1 to the field coinponent per-

pendicular to the layer plane as in the case of

Meissner effect. Therefore, lesh,.ple is expected to be

proportional to H2 because the･torque is proportional

to H2 when the magnetizatio.n is proportional to H,

and also n...,t, 'is expected to be negligibly.small.

From the'experimental results, the lock-in statg is es-

tablished below 20 K for Bi2212 and below 2 K for

rc -(BEDT-TTF) ,Cu (NCS) 2.

  At higher temperatures above the lock-in state, the

direction of the flux changes when the applied field di-

rection is tilted as ind'icated in Fig. 13 (b). The en-

ergy dissipation in the case of H parallel to 'the layer

less conrlmcEt2rag di

Conductane

Fig. 13. Schematic diagram for
       Hiconducting layer (a)
        layer (b).

 layer ,
         k
Rayer x ']:t,

0

ny

the vo'rtex pancake model for

 and that for Hllconducting
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piane should be caused by creation and annihilation of

              t.tthe pancakes. This dissipati6n is anticipated to be

                                   'much larger -than that due to the displacement of the

pancakes for the case o'f H perpendicular to the layer

piane. This explains that the observed n,..pl, for

Hl/layer-plane is ten times larger than that for H±

layer-piarie. '
  In Fig. 4, 5 and 10, n,..pl. increases abruptly around

1 kOe with increasing the field in the temperature

range from 4.2 to' 30 K for Bi2212 and 1.8 to 3 K for

rc-(BEDT-TTF)2Cu(NCS)2. This abrupt increase of en-

ergy dissipation may be related to the 3D-2D cross-

over of vortex pancakes'9)･.

                 4. Summary

  Vortex state of oxide superconductor Bi2Sr2CaCu20s+6

(Bi2212) and organic superconductor rc-(BEDT-TTF)2

Cu(NCS)2 was investigated by free torsional oscilla-

tion in magnetic field. The temperature and field de-

pendence ,of torque coefficient le..,la and the damping

constant n,am,le were obtained. Large anisotropy of

damping constant was observed. It was explained by

a model of the pancake vortex in layer superconduc-

tors.
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