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PART I

supERcoNDuCTING AND MAGNETTC PROPER[PIES OF Pbl.2-xEUxM06Ss

                        ABSTRAC[I]

     Effect of magnetic ions on the superconductivity is investi--

gated in the pseudo-ternary Chevre! compounds Pbl.2-xEUxM06Ss bY

measuring the electrical resistance and magnetization in the range

of temperature down to O.1 K and magnetic field up to 650 kOe.

     Superconducting and structural transformation temperaturesr

Tc and Ts, are obtained as a function of Eu concentration. A clear

enhancement of Hc2 is found around the composition Pbo.7EUo.sM06Ss

and the Hc2(O) is estimated to be 630 kOe. The dependences of Tc

and Hc2 on the temperature and Eu concentration are successfully

explained by the theory of Maekawa and Tachiki with the antiferro-

magnetic coupling of -3.2 Å} O.6 meV between the conduction elect-
rons and Eu spins. valence mixing of Eu2+ and Eu3+ is suggested

in EUI.2!"Io6Ss from the high field magnetization data. A large

negative magnetoresistance is found in Eul.2Mo6Ss near the magnetiC

ordering temperature Tm, which indicates that the spin fluctuation

effect is large in the compound.
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g 1. INTRODUCTION

     Recently, the utility of high magnetic field is highlighted

with respect to not only a basic interest in physical subjects

but its applications to nuclear fusion or high resolution NMR etc.

By the present time, however, the generation of static field above

30 Tesla is difficult because the ehergy loss due to Joule heatj.ng

is too much. In order to obtain high magnetic field without

energy loss, superconducting materials with a high critical field

are needed. So, high field superconductors have been extensively

developed by many researchers as well as high Tc superconductors.

     Fig.1 shows the Hc2([r) curves in some of the high field

superconductors. NbTi alloy is commercially used as a standard

superconducting wire for practical application. Nb3Sn and Nb3Ge
are A-ls type superconductorsl) which have been extensively in-

vestigated with great interest in basic and applied research.

Nb3Ge has the highest superconducting transition temperature with

23 K. Nb3Sn is commercially used for high field superconducting

magnet up to 15 Tesla. PbMo6Ss and SnMo6Ss are Chevrel phase
compounds2), having a very high critical field and a large initial

slope -(dHc2/dT)T . In particular, PbxMo6Ss with x = 1 has an
                 c
extremely high critical field. The upper critical field Hc2 of
this system has been investigated by three groups; Foner3),

       4)                       5)                         . They found the highest Hc2(O) OfFischer          and our group
                                  ,PbxMo6Ss to be 600 kOe as is seen in Fig.1. At 4.2 K, Hc2 of this

compound is about 4 times higher than that of NbTi. If the com-

pound is developed as practical superconducting wire, it ipay be
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possible to generate the static field up to 50 Tesla. The develop-
ment is extensively done by many groups including ourseives.6)in 9)

     Genera].ly, external magnetic field destroys the superconduct-

ivity by interacting with orbits and spins of the conduction ele-
                                                              *ctrons. Tn a [Pype II superconductor, orbital critical field Hc2

is given by

       *Åëo
           2Tg

where E is'the Ginzburg-Landau coherence length and Åëo the flux
quantum.10) In a dirty limit (2<g), we have

     e2 rv 2.vF/Tc, (1•--2)
where 2 is the mean free path of the electrons in the normal state

and vF being Fermi velocity. Therefore, a high critical field is

obtained in compounds with a high Tc, a short mean free path and

a low Fermi velocity, i.e. narrow band structure.

     Interaction of the field with the conduction--electron spins

leads to the paramagnetic limitting field, H po, given by

                           11)         == 18.4T [kOe]. (1-3)     H      pO c
In the high field superconductors, however, observed critical

fields are much higher than this limit. One of the reason for

this is probably to be found in a strong spin-orbit coupling of
the two states forming a cooper pair.i2) in this case, the para-
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magnetic limit Hp is given with the spin-orbit coupling parameter

Aso, as follows,

                   '     Hp=1.33 ,/)rE;E.i•Hpo. (1-4)

For Aso + oo we have H p + oo and no paramagnetic limitation will

occur in this extreme case. On the other hand, it is pointed out

by Orland et al. that H p is substantially enhanced by the strong
coupling contributions.13) Anyway, the basic properties of high

field superconductors are still not cornpletely understood.

     Chevrel compounds are written with the general formula MxMo6-
xs,14) where M stands for a large nurnber of metals as is shown in

Fig.2 and x may take a value between 1 and 4 depending on the

elernent M. X is a substitute for Chalcogens ( S, Se or Te ).

Since Matthias et al. reported in 1972 that rnany of these new

phases were superconducting with reasonably high critical tempera-
tures,i5) they have attracted much attention because of their

peculiar superconducting and magnetic properties. One of the

attractive characters of the compounds appears in the rare-earth
                           16)molybdenum sulfides REM06Sse                                various phases of REMo6Ss are

shown in Fig.3. With exception of Ce and Eu compounds, they are

all superconducting in spite of the fact that they contain nearly

7 at,,9o magnetic rare earth ion. For RE = Gd, Tb, Dy and Er, they

show coexist'ence of antiferrornagnetic order and superconductivity

at low temperatures. Only HoMo6S.s becomes ferromagnetic at low

temperatures where superconductivity is destroyed. These fascinate
physical properties are also found ' in RERh4B4 compounds.17) At
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present, these materials are called as "magnetic superconductors"

and have been investigated extensively in connection with the

interplay between superconductivity and long range magnetic order-
ing of the RE magnetic moments.18)

     rn a high field superconductor with localized magnetic im-•

purities, the external field may be of the same order of magnitude

as the exchange field coming from the localized spins. So, the

Hc2 behavior depends on the sign of the exchange field. If the

exchange is negative, it is possible to observe an enhancement of

Hc2 with respect to the equivalent non-inagnetic cornpound as a

result of a compensation of the external field by the exchange

field acting on the conduction-electron spins. This idea was
first proporsed by Jaccarino and peter.l9) Nuciear magnetic re-

                  'sonance and bc6ssbauer effect studies by Fradin et al. On Sno.sEUo.s
                                                           20)Mo6Ss showed a negative s-band polarization at the Mo sites.

These results indicate that the exchange interaction between the

conduction electron spins and the Eu magnetic rnoments is antiferro-

magnetic in the Chevrel eompounds. In this case it is expected

that the Hc2 is effectively enhanced.

     The energy band calculations done by Jarlborg and Freeman

show the high Mo d-band density of states ( DOS ) at the Fermi
energy EF and low conduction electron Dos at the RE site.21) The

                                                        'forrner Mo d-electrons with high DOS contribute to the superconduct-

ivity of the compounds and the latter low conduction electron DOS

yields the weak coupling with 4f electrons. On the basis of this

modelr Maekawa and Tachiki ealculated the effect of magnetic spins

on the superconductivity by taking account of the inelastic scat-

                          -- 7 --



tering of conduction electrons with the magnetic spins which cor-
relate each other through exchange interaction.22) They give a

general formula for the temperature dependence of upper critical

field Hc2(T) and show a quantitative explanation to the Jaccarino-

Peter effeCt.
                      '
     These theoretical and experimental results stimulate us to

investigate the effect of magnetic irnpurities on the upper critical

field in the high field superconductors PbxMo6Ss, for the pOSSi-
bility of getting even higher critical field than 6oo koe.23)

Fischer et al. tried to observe the critical field in Pbo.7EUo.3-
Mo6ss.24) However, their magnetic field was not enough to see

whole aspect of the phenomena because the magnetic field higher

than 600 kOe are needed to observe a complete transition at low

temperatures. These requirements are satisfied with the facilities
in our High Magnetic Field Laboratory of osaka university.25r26)

     In the present work, a systematic study of electrical resist-

ance, magnetoresistance and magnetization is done in the pseudo-
                                 27r28)                                         In Section 2, a briefternary cornpounds Pbl;2.xEUxM06Ss'

overview of the crystal structure and electronic properties is

given. The experimental procedures used in these investigations

are outlined in Section 3. Results and discussions are given in

Section 4 and concluding remarks drawn from the study are surnma-

rized in Section 5.

-- 8 -



S 2. CRYSTA[L STRUCTURE AND ELECTRONIC PROPERTIES

     Ternary molybdenum sulfides MxMo6Ss crystallize in a hexagonal-

rhombohedral structure with the rhombohedral angle or close to 900.

As is shown in Fig.4 these cornpounds contain building blocks with
                                          'the forrnula Mo6Ss. The block is slightly deformed cube where the

S atoms sit at the corner of the cube and the Mo atoms are located

at the cube faces. LThe Mo atoms in one unit forrn a slightly deformed

octahedron cluster. The shortest Mo-Mo intercluster distance

becomes very large coinpared with the intracluster distances. The

element M is situated in two different sites to satisfy the hexagonal

rhombohedral symrnetry. One is centered about the origin of the

rhombohedral unit cell (OOO) surrounded by 8 units Mo6Ss and the

other is centered at (tOO) surrounded by 4 units Mo6Ss• Sor Å~ in

MxM06Ss may take a value between l and 4.

     There are two types of non stoichiometry. In the materials

of the first kind the element M is a small cation and the concent-

ration x may vary continuously between two limits ( for example:

Cu l.8 <x< 4; Co 1.32< x< 2). In the materials of the second
kind, on the other hand, M is a large cation and x has a well

defined value or the homogenity domain where Å~ rnay vary is very

narrow.

     MxMo6Ss with M = Pb or rare-earth elements is the second type

and it is found that most of the M-atoms occupy the first site

(OOO). As a wholer MxMo6Ss can be seen CsCl type structure composed

of the M-atorn and the Mo6Ss cluster. The shortest distances of M-Mo
                        oand M-M are 4.2 and 6.5 A, respectively. These large distances

                              -9-
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imply that the magnetic interaction may be weak enough for the super-

conductivity to coexist with the magnetic long range order.

     The large Mo-Mo intercluster distance and the large charge

transfer from Mo to chalcogens result in the narrow Mo 4d-band and

its high density of state ( DOS ) at the Fermi energy, which attri-

butes to the superconductivity of the Chevrel compounds. Magnetic

property is due to the localized 4f-electrons of rare-earth ions

which are regularly located at the Xattice points.

     Recently, particular band calculations in these compounds were
reported by Jarlborg and Freeman21). They showed that the conduct-

.xon electron DOS at the bl site is reduced by an order of magnitude

from its metallic state value. This low conduction eiectron DOS

yields very weak coupling of the 4f-electrons to the conduction

electrons and only a very weak Ruderrnan-Kittel-Kasuya-Yosida magnetic

interactiont showing why all the rare-earth Chevrel compounds except

Ce and Eu are superconducting despite their large local magnetic

moments.

-- 11 -



g 3. EXPERIMEN[I]AL PROCEDURES

3.1. Sample preparation

     sintered samples of the pseudoternary compounds P-bl.2.-xEUxM06Ss

were prepared by the powder metallugy technique. The procedure is

summarized in Fig.5.

     At the first step, europiurn sulfide, EuS, was obtained by the

chemical reactions of EuC13 and H2S at 1000 OC for l.5 hours after

the desiccation of EuC13 with pumping out at 150 OC for 2 hours.

The product was ehecked to be a single phase of the europium sulfide

by the X-ray powder diffraction.

                  ,     Next, appropriate amount of starting materials PbS, MoS2, Mo

and EuS were well ground together for 1 hour, pressed into tablets
of 10 mmD x 1 mmT, sealed in a quartz tube evacuated down to lo-5

Torr and then heated at llOO OC for 40 hours after preheating at

400 OC for 24 hours. The preheating is necessary to supress the

vapour pressure of sulfer through the reaction. Subsequently, they

were crushed, reground, pressed again into tablets and annealed in

evacuated quartz tube at llOO OC for 40 hours.

     In these heat treatments total amounts of the powders in the

tube were less than 4 grams to avoid burstinq up, the tube due to the

excessive vapour pressure of sulfer. Compounds with nominal concent-

rations x = O.O, O.2, O.4, O.5, O.6r O.8, 1.0 and 1•2 fOr Pbl.2.xEUx'

Mo6Ss were prepared in this manner.

     At each step the crystal structure was checked by the X-ray

powder diffraction. The diffraction pattern displayed the Chevrel

                             -- l2 --



FIG

 1)
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 3)

 4)

5)

6)

7)

8)

'
5 , sample preparation Procedure of Pbl.2-xEUxM06Ss

EUC13'nH20 ----7> EuC13 + nH20 at 150 OC for 2 hours
                                               '2EuC13 + 3H2S ----> 2EuS + 6HCIT + St at 1000 OC for 1.s hours

EuS : X-ray analysis

(l.2-x)PbS + xEuS + 3.4MoS2 + 2.6Mo
                                                    2       mixed powder is pressed into tablet at 10 t/cm

- Pbl . 2-xEuxMo6Ss

      sintered at 400 OC for 24 hours and at llOO OC for 40 hour

Pbl.2-xEuxMo6Ss : X-ray analysis

Annealed at 1100 OC for 40 hours

Pbl.2-xEuxMo6Ss : X-ray analysis

Spark-cut into O.5 mm x 1.0 mm Å~ 7 mm for resistance measurement
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  phase with a srnall trace

  The lattice pararneters of
' in the Fischer's review2)

  into small pieces of O.1

  rneasurernents .

( <52 )

 these

. The
mm x lo

 of binary phases MoS2 and M02S3.

samples well agree with the data

obtained samples were spark-cut

O mm x 7 mm for electrical resistance

-14-



3.2.Resistance and Susceptibility Measurements under a Static

    Field

     The measurements of dc electrical resistance of Pbl.2-xEUx-

Mo6Ss were done by conventional four-probe methods. The measure-

ment system in a temperature region frorn 4.2 K to 300 K is shown

in Fig.6. Four copper wires of O.05 rnmD are spot-welded on to the

specimen which is mounted on the copper stage with Apiezon N grease.

The stage is insulated from the specimen with GE-7031 varnish coating

and covered with a copper case to get a homogeneous temperature. The

Current below 10 rnA is supplied by the dc current source ( Keithley

model 225 ) to minimize the Joule heating. Temperature is measured

by Au-O.079.Fe versus silver junction or germaniurn thermometer ( GR-

200A-1000 ) calibrated by Lake Shore Cryotronics in the temperature
                               'region frorn 1.5 K to 100 K.

     Temperature regulation is done by the automatic temperature
control system developed in our laboratory.29) Heater A is used

for heating the specimen, while B is immersed in liguid helium and

used for cooling the specimen by evaporating cold heliuin gas. The

difference between the voltage of the thermocouple and the reference

is amplified by a microvolt meter ( Okura Electric AM-1001 ) and

negatively fed back to the heaters through a heater current control-

ler. According to the magnitude and the sign of the difference

voltage, the heater current is controlled up to 500 mA. The tempe-

rature can be regulated within Å}O.1 K at the temperature region

from 4.2 K to 200 K. Liquid helium lasts for about 6 N 8 hours at
one run'

.

                             - l5 -
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     In the measurements of magnetoresistance below 4.2 K a com--
bined 3He and adiabatic demagnetization refrigerator was used.

111ustration of the ineasurement system is shown in Fig.7. With
slowly pumping of liquid 4He by Kenney type rotary pump of 3ooo

liters/Tnin., the temperature is controlled from 4.2 K to 1.2 K

through an exchange gas of about l Torr in adiabatic capsule.
Around l.2 K, 3He gas is liquified in a 3He pot and superconducting

magnet A is operated up to about 25 kOe with the persistent current
;aode. After the exchange gas is evacuated to about 10-6 Torr by

a diffusion pump, the temperature down to O.4 K is obtained with
pumping of liquid 3He by a hermetically sealed rotary pump. Sub-

sequently, the temperature is decreased down to 50 mK by slowly

decreasing the rnagnetic field in the salt pile with decreasing

rate of about 1 kOe/min.. The salt pile is made of a bakelite

pipe in which about 40 grams of ferric ammonium alum, FeNH4<S04)2-

i2H20r and about 2000 urethane coated O.05 inrnD copper wires are

stuffed with thermal contact agent Apiezon J oil. Specimen is

mounted on the thermal link which is made of about 200 urethane

coated O.05 mmD copper wire bundle to avoid the eddy current

heating due to field sweep. Temperature is increased by using the

manganin heater of 100 st which is immersed in the pile. Magnetic

field up to 30 kOe is applied to the specimen by using supercon--

ducting magnet B and the magnetoresistance curve is recorded in

X-Y reeorder. Applied current to the specimen is suppressed below

1 mA. Automatic resistance bridge (Instruments for Technology

Ltd.) and a carbon resistance thermorneter which was previously

calibrated by measuring CMN ( Ce2Mg3(N03)12'24H20 ) susceptibility

                          -l7-
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is usea' for the temperature measurement from 50 mK to 4.2 K.

     The temperature dependence of rnagnetic susceptibility for

Eu doped samples was rneasured in the temperature region from l.5

K to 300 K by using the Farady type magnetometers ( CAHN 2000

ELECTRO--BALANCE ). Fig.8 shows illustration of the susceptibility

measurement systern. The balance systern is set in a vacuum capsule

with He exchange gas about 1 Torr. Sarnple in quartz basket is set

at the position of maximum field gradient,which was previously

researched by the Hall magnetic sensor. With applying magnetic

field, the sample is magnetized and the magnitude is measured by

the electro-balance as the change of the magnetic force. After

the correction for the blank data without the sample, the suscept-

ibility of the sample is determined in comparison with the value
                                                           -6of Mohr salt ( FeS04(NH4)2S04.6H20; xg = (31.22 Å} O.32) x 10

emu/g at 300 K ) as a standard sample. Temperature measurement

and control system is the same as mentioned before.
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3.3. High Field Magnetoresistance and Magnetization Measurernents

     High field magnetoresistance and magnetization measurements
were done in High Field Laboratory of osaka university.26) The

laboratory has three capacitor bank systems; D-l with 250 kJr D--2

with l250 kJ and D-3 with 50 kJ energy source and three types of

the magnet are available for practical use; two--layer magnet

l50(2L)20 for 700 kOe in 20 mm bore with pulse duration O.4 ms,

single-layer magnet with large bore l50(IL)60 for 500 kOe in 60 mm

bore with pulse duration O.35 ms and single-layer magnet 100(IL)34

for 500 kOe in 34 mm bore with pulse duration O.3 rns. Our

measureraents were mainly done by two-layer rnagnet and large-bore

rnagnet which are driven by the D-2 bank.

     The electrical circuit of the D-2 bank system is shown in

Fig.9. Discharge of the capacitor bank is attained by closing a
                               'pressurized spark-gap switch Gl. The same type switch G2 is used

as a crowber or diversion switeh. Triggering pulse with small

amplitude from pulse generator$ are amplified to trigger the main

spark-gap switches Gl and G2 with small jitter time by passing

through the two or three stages of spark-gap switch systerns. In

parallel with Gl, a mechanical switch MS is connected which should

be operated with the charging voltage of the bank below 4 kV where

the spark-gap switch does not opescate effectively.

     The cross--sectional view of the two-layer magnet 150(2L)20 is

shovvn in Fig.10. The inner-layer coil a and outer-!ayer coil b

are rnade of the maraging steel which is well known as one of the
strongest steel ( hardness Hv N 700, yield strength > 200 kg/rnm2 ).

                           - 21 -'



.U) l

"
oU

No
,

6-

,

<""

A
Nrd

rd-

m
tvl

:Wg.t•

v uto

<(
(

ct
W UJ
)U>O orxaDo OeU ut
o

t

m
<

;

f

 l/

'

Ddi

1

          .g
          <R

  EIectric '
and G2 are the
mechanical
ing volta' ge (<4
effectively in

[l;`

m
 N<

D
 rvre

[ll:

t.i.t

ut
Jpa

cr
e
<-
di
di -

o

,ti

,lES

E•g

FIG,9 circuit for the
   pressurized
switch which is
    kV). The
   the voltage

          -- 22

 D--2 capacitor bank
 air--gap switches and
 used in the range of
spark-gap switch Gl
 range higher than 6

: :•
 ct o 2
 U.t Z H g2g
 ahU

system. G         1
  MS is the
  low charg-
and G2 work
 kV.



c;;; STAINLESSSTEELBO(-.T

f

Nx

-Z2i;;l

H20--la

BAKELITE

TEFLONTUBE

FRP

BRASS

l

h

'Ns

'
.

'

'

bb a a

,

x

..+

IVIICA

POLYIMIDE
POLYIIVIIDE

MICA

OUTERCOIL

INNERCOIL

BAKELITE

COAXIALCABL

N

-

t

,

t

Fig,10 Cross-sectional view of the two-layer magnet.

- 23 --



They are connected electrically in series and pulsed current flows

through the shadowed area of the magnet. Combinations of nica sheets

and polyimide laminates are used for the insulation between the

windings of the coil. They are strong enough against heat, compress-

ive force and high voltage. Other insulaters used to construct

a magnet is shown in th6 figure. During experiments the magnet is

covered with a thick iron hood to avoid unexpected accidents. A

dewar with a sample is inserted into the magnet through a hole at

the top of the hood.

     The method of magnetoresistance rneasurement is basically the

same as the dc four probe method. A block diagram for the Hc                                                            2
measurements is shown in Fig.11. In order to avoil excess Joule

heating, a square-pulsed current I <- IOO mA which has a pulse width

adjusted so as to cover that of magnetic field is used. The square-

pulsed current and the magnetic field are applied to the specimen

by operating a pulse generator. The output signal voltage and a

trace of field are recorded in a digital recorder ( IWATSU, DM-901 )

through a dc amplifier and integrator, respectively. The recorder

consists of 8-bit AD converter and 1024 x 2 words digital memory

and it can record transient events with a minimum tlme resolution

of IO ns. The magnetoresistance curve, R versus H, is displayed

on a X-Y recorder or an oscilloscope through a microcomputer ( IWATSU
Data processor SM'1330 )• A field trace is obtained by a field

pick-up coil and the magnitude was previously calibrated at 283
                                                   30)kOe by submillimeter ESR of paramagnetic CuC12'2H20 . A stray

signal induced by the flux change in the four probe circuit under

the transient field is cancelled by using a compensation coil and
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a bridge balance. The specimen is mounted on a tip of a bakelite

rod for the measurement below 4.2 K and a sapphire holder for the

measuremerit under temperature eontrol above 4.2 K, respectively.

An ohrnic contact between the leading wires and the specimen is done

effectively by the conductive adhesive ( DUPONT SILVER #4817 ).

Copper wires of O.05 nmD used for the current and signal leads of

the specimen should be twisted well so as not to pick up the flux

of the transient field.

     Usually, the measurernents are done by applying two shot of

pulse field. The second shot is for the measurement with the

opposite current direction to the first one. A final reduetion of

the background noise is done by making a subtraction between two

data with the Data Processor. An example of data processing is

shown in Fig.12. The specimen is Pbo.sEuo.4Mo6Ss and the measUre-

ment was done at 4.2 K by using two-layer magnet. (a) is a field
                               'trace obtained by inteq.rating a pick-up voltage and the maximum

field is 498.6 kOe. Two signals (b) and (c) are obtained by apply-

ing two shots of pulse field with the opposite current direction

to a specimen, each other. The magnetoresistance signal (d) which

is corrected for the background noise by calculating [(b)-(c)]/2

with the Data Processor showed a complete transition between super-

conducting and normal state.

     The method of temperature regulation is shown in Fig.13.

Principle of the automatic ternperature control system is the same

as mentioned before. In order to contain the whole assembly for

heating or cooling, a large bore magnet is needed. The magnet

150(IL)60 permibs insertion of a 26 mmlD glass dewar which is
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(a>

o,2 vI

(b)

50 mV

Cd)

50 mV

FIG

              .
                O,1 ms

,12 Example of data processing on Pbo.sEuo.4M06Ss. (a) iS a
  trace of magnetic field. Two signals (b) and (c) are obtained
 by applying,two shots of pulsed field with opposite current
 direction to a specimen. Background reduced siqLnal (d) is
 obtained by calculating [(b)-(c)]/2 at the Data Processor.
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specially designed to contain liquid helium of about l20 cc below a

specimen for cooling it and to have a large space for the temperature

control assembly. Usual sUver coating is done with slits of 10

mm on the dewar sides and it is found to have no problem on the

field penetration or flux compensation of the pick-up coil. In the

measurements under pulsed field, there exists one technical difficulty

that bulk metallic materials cannot be used in the cryostat because

of skin effect or Joule heating. As is shown in Fig.l3, a specimen

and a sapphire stage are contained in a thermal insulation cello

The specimen is mounted on the stage with Apiezon N grease and the

thermocouple is attached close to it with GE-7031 varnish. The

stage is made of a single crystal sapphire disc of 3 mm thick and

20 mm in diarneter. The sapphire has good thermal conductivity

which is comparable with that of metallic copper below IOO K, so

that it is very useful insulating material for the present purpose.

The cell is rrrade of bakelite with 1;5 mrn thick. An inside of the

cell is covered with about l200 urethane-coated O.05 mmD copper wirest

which is effective to get a homogeneous temperature under the

transient field. By this arrangemertt uniformity of temperature

around the specimen and thermometer can be obtained satisfactorily.

     There are several cares in Hc2 measurements under a transient

magnetic fgeld as follows; skin effect, eddy current, flux--flow and

magnetocaloric effect. The sample thickness used in the measurements

is O.1 N O.02 rnm which is thin enough compared with the skin depth,

6 N 10 mm, for the present compounds. The heating due to eddy

current sometimes induces a hysteresis loo-p on the rnagnetoresistance

curve. This effect is erased by thinnig the samp!e down to about
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o.1 mm.31) in order to minimize the flux-flow resistance the

magnetic field is applied along the current direction. The surface

effects such as Hc3r which is irnportant in the measurements for a

single crystal with clean surfaces, are negligible for the present
sintered sarnpies with many imperfections and voids32). speciai

care must be taken for the magnetocaloric effect, on the other hand,

because itti`s thermodynamically intrinsic. The effect which is

the heating or cooling due to the adiabatic magnetization or demag-

netization of Eu spins under transient magnetic field is not negli-

gible .in <?bove rnaterial size when the Eu concentration x is higher
                                     'than O.5 rv O.6. Fig.14 shows the magnetoresistance measurements

fOr Pbo.6Gdo.6M06Ss with various sample thickness and applied current

to estimate the temperature change due to magnetocaloric effect.

The sample is appropriate for the measurement because of its low

Hc2 ( ", 70 kOe ) and high Gd concentration. In the case of (a)

where applied current and the sample thickness are l57 mA and O.5

mm, respectively, the magnetoresistance curve shows the hysteresis
                                                            'due to Joule heating at the normal state under the rnagnetic field.

In order to avoid Joule heating and skin effect the current is

controlled below 50 rnA and the sarnple is thinned below O.l mm. In

the case of (b)'the magnetoresistance curve on decreasing field is

shifted to higher than that on increasing field. This is due to

magnetocaloric effect. In order to reduce the effect a much thinner
                                                        .4specimen is required to keep a much better heat contact with He

heat bath,, The magnetoresistance curve obtained in this way is

shown in (c). Magnetocaloric effect is still remained but rather

reduced and the temperature change is estimated about O.2 K. In
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the Hc2 measurernents of Pbl.2kxEuxMo6Ss for x l O.5, the sample

with O.02 mm thick is used and the temperature change is suppressed

down to O.2 K.

     The rnagnetization measurement is done by using a balanced
pick-up coil.33) The technically irnportant point is how to com--

pensate baekground flux ehange due to a transient field, which is
usuany lo4 N lo6 times larger than the flux change due to the

magnetization of the specirnen. This is usually done by setting '

three coils as are shown schernatically in Fig.15(a). Coil A picks

up the magnetic flux change of the specirnen while coil B is wound

in the opposite direction to A in order to compensate the back-

ground flux change. Fine adjustment is done by one loop coil C

taking a bridge balance as is shown in the figure.

     Fig.15(b) is the cut view of the standard pick-up coil which

has been used in our laboratory. Considering the field duration

and frequency response, coil a is wound with 100 turns. The coil

B is coaxially wound on a with 50 turns oppositely. The cross

section of coil B is twice as large as that of A so as to rnake the

net flux in A equal to that in B. Fine adjustment coil C is wound

                                  'on B. The eoil wire material is urethane-coated 2 9o tin-doped

copper of O.1 mmD. The wire has large residual resistivity ( 2.5

pflcm ) and is effective to irnprove the flux compensation especially
          'at liquid helium temperature. The standard pick-up coil attains
a flux cornpensation of lo'4 N io-5 at the signal output of the

bridge balance ci,rcuit.

     Fig.16 is a block diagrafn of the system where a cut view of

a cryostat is also shown schematically. Three signal outputs of
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the pick--up coil (A) are shielded by a copper capillary (B) in the

cryostat and are connected to double shield cable (C) and transmitted

to the bridge balance circuit. The balance signal is then storeld

in a digital recorder ( IWATSUr DM-901 ). Usual measurements are

done at the time resoluVion of 200 'v 500 ns. A specimen (D) is

mounted on the tip of glass rod (E) by a teflon tube and driven

by a miniature motor (F) for insertion and adjustrnent at the right

position. Usually, a specimen whose length is 10 N 15 mm and

diam.eter of 2.5 "v 3.2 mm is used. The pick-up coil is found to

be very sensitive to the axial displacement so that it is suspended

by a quartz pipe (G) that has small coefficient of thermal expansion.

A magnetic field is monitored by a single loop field pick-up coil

(H). The output signal which is proportional to dH/dt is integrated

by a high speed operational amplifier and also stored in the digital

recorder. The time constant of the integrator is taken as 300 times
       '
longer than the field duration time.

     The output signal of the bridge balance circuit is proportional

to dM/dt but still contains background noise. Further noise reduct--

ion is done by Data Processor SM-l330, IWATSU. Using two shots

of pulsed field generation, two sets of data with and without the

specirnen are taken. These are transferred to the Data Processori
                                           'where the subtraction of the background and the integration of

dM/dt are done. The Data Processor enables one to analyze and

check the data immediately and improves the efficiency of the ex-

periment greatly. In this manner, sufficiently high sensitive

measurernent can be done under the final effective flux compensation
of io-6. This corresponds to the sensitivity of s x io-6 emu/cc
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in a susceptibility measurement.

     The calibration of magnetization value is done by single
crystalline CuC12'2H20 or MnF234) as the standard specimen. An

integrated output signal is proportional to a magnetization, cross

sectional area and demagnetization correction factor of a specimen.
              'Magnetization value is determined by comparing these values with

those of the standard specimen. So, the accuracy of the measurement

depends on these geometrical conditions of the speciinen.

     The high field magnetization below 1 K was measured by intro-
ducing a conventional single-shot type 3He cryostat in the iarge-

bore-magnet system.35) cut view of the cryostat with the magnet

location is illustrated in Fig.l7. Dewar vessels, exchange gas
chamber and liquid 3He chamber are rnade of glass to avoid the

skin effect and eddy current heating due to the pulsed field. They

are silvered a.long the inside wall with two vertical slits of 5 mm

wide. The slits are necessary to cut the current loop along the

wall though they cause heat inflow of about 100 pW to the liquid
3He due to the radiation. As shown in Fig.17(A), the sample is

mounted on the end of teflon rod of 3 mmD'with a teflon holder.

The bakelite bobbin on which the pick-up coils are wound is
supported by a bakelite pipe and separated from the 3He chamber.

The pipe is connected to the bottorn of the exchange gas chamber.
Gas handling system is similar to that of conventional 3He cryostat.

Temperature of 3He bath is controlled by regulating the vapor

pressure which is measured by the McLeod gauge. The measurement

system for Tnagnetization is the same as mentioned above. Experi-

ment can be done for 3 hours under usual conditions.
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 g 4. RESULTS AND DISCUSSIONS

 4.1. Superconducting and Structural Phase Transitions

     Typical results on the temperature dependent resistance of

                                                                5 Pbl.2-xEUxMo6Ss are shown in Fig.18. The resistance for low Eu

 concentrations ( x s O.6 ) decreases monotonically with decreasing

 temperature and becomes superconducting at Tc. The resistance for

 Eu rich samples ( x > O.8 ), on the other hand, shows anomalous

 behavior at low temperatures: for x = 1.2 and 1.0 it increases

 sharply below 100 K with decreasing temperature, showing a qualita-
 tive agreement with the data obtained by Maple et al.36).

     Fig.19 shows details of the resistance for Eul.2Mo6Ss arOund

the temperature where the resistance anomaly appears. As is seen

in the figure, a clear hysteresis is found and the greatesb change
.in slope, found by the intereept of two tangential lines, takes

Place at Ts = llO Å} 10 K. This temperature coincides with that

for the structural transforniation from the high temperature rhombo-
                                                           37)hedral structure to the low temperature triclinic distortion .

Thus we identify Ts in Fig.19 as a structural transformation tem-

perature.

     To analyze an anomalous increase of the resistance at low

temperatures for Eu rich samples, we plot a logarithmic resistance
                                    'as a function of inverse temperature, i.e. Iog R versus 1/T, in

Fig.20. Two linear regions, a steep linear increase just below Ts

and a weakly temperature dependent region at low temperatures, are

found in the figure for each composition with x = 1.2, l.O and O.8.
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The result is analyzed in terrns of the activation energy as usually
done in semiconductors and two activation energies AE+ and AE- are

obtained as given in Table 1. The solid lines in Fig.20 are drawn
by using these values AEÅ}. AE+ is two orders larger than AE'h and

decreases with increasing Pb content. The crossing region of two

tangential lines in Fig.20 almost coincides with the teinperature

at which the Hall coefficient changes the sign, which was found by
               38)Harrison et al. . The ternperature decreases by adding Pb as is

seen in Fig.20. Considering these experirnental facts and theoretical

expectation of narrow and high DOS in EuDCo6Ss at high temperature

crystal phase, it is suggested that a small energy gap corresponding
to the order of AE+ is introduced by the band Jahn-[Peller effect.

     of particular interest is the composition Pbo.4EUo.sM06Ss

which exhibits both the resistance anomaly and superconductivity.

In Fig.21, the resistance for Pbo.4Euo.sMo6Ss is shown as a function

of temperature for several different applied magnetic field. It

has a resistance peak at 10 K and becomes superconducting below

2.5 K in zero field. The peak value of the resistance is about

two times of the resistance at room temperature. The resistance

at low temperatures below 10 K is strongly field dependent. In

low fields the compound remains completely superconducting down to

the lowest temperature of 80 mK. However, a finite resistance re-

appears at O.55 K in the field of 2.5 kOe. This behavior of the

resistance dep.ending on the temperature and magnetic field is quite

similar to that found in Erl.2r4o6Ss and Dyl.2Mo6Ss by Ishikawa et
al.39). These facts suggest that some kind of magnetic order rnay

appear at O.8 K and coexist with the superconductivity in low field.
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TABLE 1  The activation energy AEÅ} obtained f]eom the tangential

lines in Fig.21. AE+ and AE' are the ene]?gy in a high

and low temperature region, respectively. *Only the

maximum value is estimated because of a rapid decrease

of the resistance below 10 K.

x AE" (meV)
1.2 9.5+O.1- O.05+O.Ol-

1.0 3.7+O.1- O.03+O.Ol-

O.8 2.6+O.1- <O.05-VK-
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magnetoresistance for
 below 10 K is strongly



     The electrical resistance for low Eu concentrations ( x < O.6 )
                                                            .
decreases monotonically with decreasing temperature and becomes

superconducting at Tc. Tc is determined from the midpoint of the

transition. The concentration dependence of T and T are shown in
                                             cs
Fig.22. Ts is strongiy suppressed by substituting Pb for Eu. The

extrapo!ated Ts(x) curve shows that the structural transformation

disappears at x cr O.7 and the rhombohedral structure is stable in

a region O E x E O.7. 0n the other hand, the superconducting

transition temperature Tc decreases abruptly for the concentrations

x z O.6 and the superconductivity disappears at x r O.82, as is

seen in Fig.22. Thus, in a narrow region O.7 < x < O.82 the super-

conductivity coexists with the transformed triclinic structure.

     Tc(x) in a region O < x < O.7 is compared with .Maekawa-Tachiki
             22)                . As will be shown later, the present compoundstheory ( MT )

have antiferromagnetic exchange interaction between the nearest-

neighbor Eu spins. So, we apply the relation ( MT-4.IO, ref.er to

APPENDIX ) for the antiferromagnetic case. The nearest-neighbor

number z, Eu spins S and BCS parameter gBcsN(O) are taken to be 6,

7/2 and O.3, respectively, as in their pap.er. The exchange inter-

action parameter J', which is defined by J' = 3/4.S(S+l)J with the

nearest-neighbor exchange interaction J, is taken as J' = -O.l3 K.

J is obtained frorn the observed Currie-Weiss constant of O = --O.4
K. Exchange interaction parameter I2N(o) between the conduction

electrons and Eu spins and superconducting transition ternperature

Tco without rnagnetic ions are adjusted so as to get a best tit with

the observed Tc(x). The fitting is mainly done in the region x =

O.4 N O.6 because their theory is quantitatively applicable to
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high x. The
in APPENDIX.

     I2N(o) =

        = 15     T      co

equations used in the calculation of Tc(x) are

 obtained values ard given as

        -23.0 x 10           Kr

K.
( 1-5)

shown

!Dheoretical curve of Tc(x) is drawn by a broken line in Fig.22

using these values. An abrupt decrease in Te for x > O.6 rnay be

attributed to the effect of structural transformation. For the

concentration x = O.3 N O.7, reentrant transition to the normal

state is expected at low temperatures frorn the theoretical curve

in Fig.22. However, no such a transition was observed in our

rneasurements down to O.4 K.
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4.2. upper Critical Field Hc2

     An example of the magnetoresistance curve in the Hc2 rneasure-

ments is shown in Fig.23 for the cornposition Pbo.sEuo.4M06Ss at

l.3 K. The noise appeared at the start of increasing curve is due

to switching for capacitor bank. Gradual increase in the resistance

is found as the field increases and the resistance coraes to the

norrnal value around 540 kOe. Fig.24 shows magnetoresistance curves

fOr Pbo.sEuo.4Mo6Ss at several temperatures from Tc to 1.3 K.

Abrupt increase of the transition field is observed between 4.2 K

and 5.5 K. [Dhe observed transitions are rather broader than that

expected from the anisotr.opic Hc2 which is about 20 9o in Pbr•lo6Ss.

We find that the transition width is proportional to the transLtion

field and the magnetoresistance curves are almost reduced to a

single curve by norrnalizing the field with a maxiinum critical Åíield.

It is shown in Fig.25 with the solid line.

     The origin of observed gradual transition may come from three

Sources. One of them is the anisotropy in Hc2. The others are the

imperfection of the crystal and the dynamical effect appeared in

the pulsed field measurernents. The first one was found by Decroux
et al.40) on a single crystal of PbMo6Ss. According to them, the

Hc2 has a uniaxial symmetry expressed as

     Hc2(e) = Hc2ii( cos2e + e2sin2e )di/2 , ( i-6 )

           is the critical field parallel to the ternary axis, e =where H       c21/
Hc21//Hc2J. or Oe843 and e being the angle between the ternary axis
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and H. The effect of crystal imperfection on Hc2 is phenorneno-

logically taken into account by introducing a broadening pararneter

Ah as shown in Fig.25(a). h is the reduced field defined in Fig.

25(b) and Ah is inhomogeneous broadening of the critical field due to

imperfections. hc means the reduced critical fieldt hc " Hc2(e)/Hc2x

and f(hthc) is an assumed function of the reduced magnetoresistance

of single crystal. Then, the powder average of the transition

curve is calculated using the relation ( 1-6 ) and Ah as follows:

     F(h) = fg f(h,h.)P(h.)dh. (1-7)

where P(hc) == ldcose/dhcl is the probabi!ity of having the appropri-

ate spatial orientation that would satisfy the relation ( 1-6 ) at

a given field hc. The calculated curves are shown by broken lines

in Fig.25<b) as a parameter of Ah, together with the experimental

curve of Fig.24. Except for a tail of the curve, the experimental

curve is well fitted for Ah = O.l N O.2, which is in agreement with
the observed width in single crysta140).

     Deviation from the theoretical curve found in the low field

region may be attributed to the dynarnical effect such as flux-flow

resistance. In fact, the low fie!d part of the curve depends on

the experimental conditions such as the e!ectrical current density

and the geometrical arrangement between the field and current

direction. The rnagnetoresistance curves for both configurations,

the applied field parallel (Hi,) and perpendicular (HL) to the

currents are checked for LaMo6Ss with Tc = 5.6 K. As is shown in

Fig.26 the rnagnetoresistance curves in a high field region are

                           - 52 -
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almost coincident for both directions. The linear increase in low

fields for the perpendicular case is explained by the effect of
fiux-fiow as in generai texts of superconductivity4i). The effect

Of Hc3, which is important for a single crystal with clean surfacesr

does not appear in the present sintered materials. Therefore, the

raost reliable data for the Hc2 could be obtained by defining the
                                                      5)field indicated by an arrow in Fig.23 and Fig.25 as Hc2 . ThuSr

OUr defined Hc2 means a " rnaximum critical field " in the anisotropic

Hc2 as is seen in Fig.25.

     The obtained results on the temperature dependence of Hc2 are

Summarized in Fig.27(a) to (d) for the Eu concentrations Å~ = O.2r

O•4, O.5 and O.6, respectively, together with that for Å~ = O which
was obtained in our group six years ago5). They show a positive

CUrvature: near Tc they increase slowly with decreasing temperature

but steeply increase at low temperatures. In particularr the Hc2

for the composition x = O.5 exceeds that of x = O at 3.5 K and

becomes Hc2(O) fy 630 kOe at O K. These particular dependence of Hc2

on the temperature and the concentration of magnetic ions are

attributed to the effect of magnetic ions with the antiferrornagnetic

exchange interaction between the conduction electrons and local

magnetic moments.

     Quantitative explanation for them is given by the MT theory.

In order to compare the present results with their theory, we use

the equation ( MT-5.l8, see APPENDIX ) for the case with a general

value of spin-orbit scattering parameter Xso. The following para-
meters, r2N(o)/Tco, IJ'l/Tco, r/Tco, xso and ctr where ct is non-

magnetic scattering parameter which is proportional to inverse of
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Here, it is noted that the exchange interactzon, Ir is antiferro-

magnetically. If we assume the sign of I is positive, the Hc2 is

strongly suppressed as shown in Figs.27(a) to (d) by a dash-dotted

line. This means that the pecuiiar behavior of Hc2(T) is maÅ}nly

attributed to the compensation of the external field by the ex-

change field acting on the conduction electron spins. The spin-

orbit scattering pararneter Aso decreases with decreasing the Pb

content and it suggests that Pb atorns are effective to the spin-

orbit scattering of the conduction electrons. The parameter ct

has a minimum value at x = O.5. It may be attributed to the com-

bined effect of an increase in non-magnetic scattering and Fermi

velocity due to broadening the band width with substitution of Eu.
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initial slope of Hc2, are adjusted so as to obtain a good fitting

with the experimental Hc2(T) curve by using a mini-computer ECLIPSE

s/20. The relations used in the calculation of Hc2 are shown in

APPENDIX. The calculated curves are shown in Figs.27(a) to (d) by

a broken line, which is normalized at Tc, and the adjusted pararneters

are listed in [Dable 2. Better fit is obtained in higher Eu concent-

rations. It is consistent with the theore' ti'cal treatment that the

inelastic scattering oÅí conduction electrons with the interacting

magnetic spin system plays an important role and the effect of

isolated spins is neglected. The exchange interactionr I, between

the conduction electrons and rnagnetic spins is obtained by Eq.( Z-5 )

and the value in Table 2 as

     I= -3.2+O.6 meV. (l-8)



    TABLE 2 The parameters used for the theoretical Hc2(T) curves

           in Fig.27(a) rv (d) for Pbl.2-xEuxMo6Ss. The pararneters
           are defined as Aso = (3TTcoTso)-l and ct = eTovF2/Tco where

           Tso and To are the relaxation time for spin-flip and non--

           spin-flip scattering, respectively.

                                                             '

                '

it.2 ()/coIJI/Tco r/Tco x,. ct[i/koe]

                                      - 3.0                                                   iO 4.64 x io'3
- O.4     o.s 2-•O x lo'3- s.ss. lo-3 - •O

O.6

3

2

2

•5

.o 4

6

5

.
5

4

4

4

.

.

.

35

oo

32

x

x

x

io-'3

io-3

io-3
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     A disagreement with the theory in low concentrations of Eu

may be due to the effect of random distribution of magnetic ions

and the multi-band effect might be also included in the Hc2(T)•

Anyway, the rnain part of the present results could be explained

by the MT theory.

     The magnetoresistance curve for Pbo.4Euo.sMo6Ss is shown in

Fig.28 as a parameter of temperature. The transition between

superconducting and normal state due to magnetic fieid is con-

siderably broad. The resistance increases monotonically with in-

creasing fieid even at 4.22 K where the finite resistance appears

in zero field. This fact suggests that partial superconductivity

due to some kind of inhomogenity rernains. In the case it is

difficult to deterndne the Hc2. So, the magnetic field at which

the finite resistance just appears is taken as the upper critical

field of the compound. It is plotted in Fig.29 as the function

of temperature. The Hc2(T) obtained in this way has a broad peak

around 1.3 K and decreases with decreasing temperature. Magneto-

resistance of Pbo.4Euo.sMo6Ss was measured up to 400 kOe at 1.3 K

with expectation of the field-induced superconductivÅ}ty which is
reported by several groups in Euxsnl"xMo6ss with x "v o.842). The

result is shown in Fig.30. Increasing the field, the resistance

appears with abrupt slope in the low field region below 30 kOe,

slowly increases in the region between 30 kOe and 280 kOe and

saturates above 280 kOe. The saturation value of the rnagneto-

resistance which is reduced by the resistance at 300 K is almost

coincident with the peak value oÅí the temperature dependent re-

sistance as is shown in Fig.21. Anyway, no reentrant transition
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4.3. Magnetic PropertieS Of EUI.2M06Ss

     Magnetic susceptÅ}biUty of Eul.2Mo6Ss and Pbo.4EUo.sM06Ss
                                                          -3follows the Curie-Weiss law xg = C/(T-O) with C = 5.88 x 10 and
3.ss x lo-3 cm3K/g and o= -o.4 and -o.1 K, respectively down to

l.4 K as shown in Fig.31(a) and (b). From the Curie constant the

effective magnetic moment is estimated to be veff = 6.3 yB/Eu fOr
both compositions x = O.8 and 1.2, which is about so z of Eu2+

value. The result suggests that about 2o rg of Eu3+ is mixed in

accord with the results in M6ssbauer study by Dunlap et al.43).

The contribution of the corresponding amount of Eu3+ to the linear-

lity of 1/x curve is negligibly small. Eu3+ is non magnetic in

the ground state and the excited multiplet is 255 cm-l above the

                            3+, .. ..ground state. Therefore, Eu gives                                               coptribution to                                    negligible

the susceptibility.

     The magnetization process of EuMo6Ss is measured j.n the field

up to 300 kOe at O.6 K as is shown in Fig.32. Any hysteresis is

not seen in the compound. The magnetization curve saturates in the

high field region with the saturation moment of 5.9 Å} O.3 vB.
This is consistent with a spin 7/2 paramagnetic behavior of Eu2+

ions assuming the presence of 2o o-. non magnetic ( J = o ) Eu3+ ions

as determined from the susceptibility measurement. The theoretical

curve given by the broken line is drawn by using the Brillouin

function with the exchange interaction J' of -O.13 K which is

determined from the Curie--Weiss constant of O = -O.4 K. The Van
                                                        3+Vleck contribution of the J = l first excited state of Eu                                                           represents

only a 3 N 4 9. correction to the number of paramagnetic ions. These
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results show a good agreement with the data obtained by Thompson
et al.44). The origin of deviation in the low field region is

not clear.

     The longitudai magnetoresistance is measured up to 300 kOe as

is shown in Fig.33. The resistance is strongly suppressed by the
                                                                44)field up to 100 kOe in accord with the results by Thornpson et al.

while it is alrnost constant above 100 kOe. As one of the origin

for the negative magnetoresistance at low temperatures, the effect

Of spin fluctuation is considered because the spin fluctuation is

Suppressed by applying magnetic field so that the resistivity

decreases as the field increases. Fig.34 shows a ternperature

dependent magnetoresistance. It is noted that the magnetic order

arises at O.3 K which is infered from the peak of ac-susceptibility
by willis et ai.45) and the spin fiuctuation win be enhanced

around the ternperature.
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g 5. CONCLUDrNG REMARKS

     The results of the Hc2 measurernents in the Pbl.2-xEuxM06Ss

compounds for x <- O.6 are successfully explained by the MT theory

with the antiferromagnetic exchange coupling of -3.2 + O.6 rneV
                                                    -
between the conduction electrons and Eu-spins. Particularlyt the

Hc2(O) for X = O.5 is found to be 630 koe which is higher than that

Of Pbl.2M06Ss. This concentration appears to be the rnost favourable

for the compensation of applied field by the negative exchange field

and to enhance the Hc2.

     For Eu rich cornpounds, on the other hand, the structural

transformation is observed around 100 K. The resistance anornaly

below IOO K in Eu rich samples is speculated due to a small gap at

the Fermi energy resulting from the structural transformation.

High field magnetization and temperature dependent susceptibility

fOr Eul.2Mo6Ss shows free-spin pararnagnetic behavior characteristic
of the s = 7/2 ground state of Eu2+ with a smail van vleck contribu-

tion from 2o o-. Eu3+ ions. A large negative rnagnetoresistance is

found near the rnagnetic ordering temperature Tm. This fact indicates

that the spin fluctuation effect is large in these compounds. It is
                                                                  46)noted that these behaviors are guite similar to those found in SrnB6
        47)
or YbBl2-
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APPENDrX -- CALCULAT!ON OF Tc AND Hc2 BY MT THEORY --

     In this section, the calculation of Tc and Hc2 by applying

the Maekawa and Tachiki theory is reviewed.

     According to their theory, Tc is given by the relation ( MT-

4.10 ) in antiferrornagnetic case with nearest-neighbor exchange

interaction. ( MT-4.10 ) is represented as follows:

                                   2ces(s+i)i2N(o)Bc
     [r. = i•i4tuDexp[-i/(gBcsN(O) - 2-tz,(i-exp(2Bc1J'1)))] '

                                                    ( A-1 )
with

     J' = 4/3.S(S+1)J ,
     C' = c[l -- (1-c)Z] ,
                                                    ( A-2 )
     z' == l + (z- l) c' ,

     Bc = l/Tc ,

where coD is the phonon Debye energy, gBcs the BCS interaction,

N(O) the density of states at the Fermi level in the normal state,

c the rnagnetic--ion concentration, z the number of nearest-neighbor

sites and S being the spin number. J is the parameter of the

nearest-neighbor exchange interaction. I is the exchange inter-

action parameter between the conduction electrons and locai spins.

Superconducting transition temperature Tco without magnetic ions

is given by

     Tco = !•14tuDexp [-1/gBcsN(O)] . ( A-3 )
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                           s

with
                -1     bs = (3Tso) '

     Is = Uh r
     pÅ} = (i/2T[r)[ a. Å} (bs2-r

     as = bs + l/3.eTovF2B ,

     Xso = 1/3Tr[DcoTso r
     ct = eTovF2/Tco ,

     B=H+ 4TM ,

     o=+or-r
     h = -pBB + Ic<Sz> ,

where Aso is the spin-orbit

scattering parameter, B the

and <Sz> being the !ocal spin

The rnagnetization M is

assumed to be Brillouin

function. Tco(H) is given by

Now, we can calculate the concentration dependence of Tc by using

the relations and pararneters given in the text.

     !n the temperature dependence of Hc2, we use the equation

( MT-5.18 ) for the case with a general value of spin-orbit scat-

tering parameter Aso as follows:

     i.ptT +ll•[(1+fu(b IS) )tp(t'P-)

                           ss
                        , , b .                   + (1 - (b 2-I S'2') 1/2) tp (t + P+) ] ' W(;) = O '

                               s

 2)1/2 ] ,
s

( A- 4 )

( A-5 )

     coupling parameter, ct the non-magnetic

     magnetic induction, vB the Bohr rnagneton

       polarization induced by the field.

neglected in the calculation. <Sz> Js

 function with S = 7/2. 9(x) is the digamma
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     T.o(H) = 1•14coDeXp[-1/g.ff(H)N(O)] . ( A-6 )

The effective coupling constant geff(H) is given in antiferro-

magnetic case as followsi

                             s2B'(Bsa) 2sB (Bsa)
     geff(H)=gBcs-i2C[twt 2cJsBg(Bsa) + a-2cgosBs(Bsa)]'

                                                     ( A-7 )

where Bs(x) is the Brillouin function, Bg(x) = (d/dx)Bs(x) and

Jo is given from Curie weiss temperature O [ O = S-S(S+l)Jo ]•

a is given by
             '

     ga,=..-gg.' lt:J:liCiO`Sz' ' ] ( A-s )

where gJ is Land6 g factor.

Now, we can calculate the temperature dependence of Hc2 by using

the relations and parameters given in the text.
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PART II.

vAI,ENcE oF Ce AND KONDO EFFECT IN CexLal-xM06Ss

                         ABSTRACT

     Valence of Ce and Kondo effect in the Chevrel compound Cex-

Lal-xM06Ss was investigated by XPS, X-ray diffraction, electrical

resistance, magnetoresistance and magnetic susceptibility measure-

ments in a temperature range down to O.4 K.

     The concentration dependence of lattice constant follows the

Vegard's law in a whole concentration region of Ce. The Ce 3d and

4d XPS spectra of CeMo6Ss show strong peaks with the initial state
of ce3+ and no peaks due to ce4+. superconducting properties with

low x are well explained by the Matsuura-Ichinose-Nagaoka theory

based on the Kondo effect with a range of TK/Tco = O.Ol "u O.OOI,

where TK and Tco are the Kondo temperature and the superconducting

transition temperature without magnetic ions, being Tco tr 6 K, res-

pectively. The magnetic susceptibility per rnole Ce is independent

of the Ce concentration and it is explained by the crystal field

splitting and Kondo effect. A model of crystal field splitting

which consists of three doublets with the excited energy of. IO K and

400 K in CeMo6Ss is proposed. A large negative maq.netoresistance was

found below 10 K for CeMo6Ss, which shows log H dep.endence below 1.2

K. Magnetic and superconducting phase diagram of CexLal-xM06Ss WaS

determined.
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g 1. INTRODUCTION

     Rare earth compounds are important magnets as well as transition

metal conpounds. So farr magnetic properties of the compounds have

been usually explained by the model of well localized 4f electrons

of the rare earth ions. Recently, Ce or Yb intermetallic compounds

have been intensively investigated by many researchers because of

their pecu!iar behavior on magnetic or transport properties associated
                                              1)with the valence fluctuation and Kondo effect.

     Cerium Chevrel compound CeMo6Ss is known to be exceptionally

lack of superconductivity among the rare earth Chevrel compounds

REMo6Ss which are all superconducting and coexist with antiferro-
magnetic ordering at low temperatures2). The electronic energy

band of Chevrel compounds is characterized by the high DCo d-band

density of states ( DOS ) at E                                and the low conduction electron                              F
Dos at RE site3). The specific heat of CeMo6Ss was measured by

Maple et. al.4), which is shown in Fig.l. As is shown in the

figure, the magnetic contribution to the specific heat Cm has a

peak at 2.5 K suggesting the magnetic ordering and a relatively
high value of y, y cr loo mJ/mole.K2, which is estimated from their

data in a temperature region from 4.5 to 8 K. Ternperature depend-

ence of the magnetization was measured for CeMo6Ss under several
magnetic fields from O.64 to 7.8 koe by pelizzone et. al.5), which

is shown in Fig.2. Their results show that the magnetization for

the fields below about 3 kOe has a weak rnaximum and minimum at 2.3

and 1.6 K, respectively and followed by an increase with decreasing

temperature. However, the magnetization for the fields above 4 kOe
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shows no such an anomaly around 2 K but an increase as Curie-Weiss

law. These results suggest that the compound is antiferromagnetically

ordered near TN bl 2.4 K and the critical field to the paramagnetic

state 'is about 4 kOe.

     The magnetic ordering temperature Trn and superconduct-ing trans-

ition ternperature Tc for RExMo6Ses and RExMo6Ss compounds are sumrna-

rized for RE constituent in Fig.3. [Phe dashed lines are linear

interpolations between the superconducting transition temperatures

of the nonrr.iagnetic endmember La and Lu molybdenum selenide and

sulfide compounds which represent a first approximation to the

transition temperatures oE the RE compounds with partially-filled

4f electron shells in the absence of pair breaking interactions

due to the magnetic moments of the RE ions. The depressions of Tc

relative to these linear interpolations are also shown by A[Dc in

Fig.3. Here it can be seen that the systematic variation of AT
                                                              C
with RE can be described qualitatively by the deGennes factor
(g-1)2J(J+1) ( represented by the solid lines in Fig.3 ) where g

is the Land6 g-factor and J is the total angular momentum of the
                                                         6)Hund's rule ground state. This follows from the AG theory                                                            for

RE impurity ions in the limit of low impurity concentration n for
which ATc cc nN(o)J2(g-!)2J(J+1)r where N<o) is the density of states

at the Fermi energy EF,which is presumed not to vary substantially

with RE ions. J is the exchange interaction between conduction

electrons and the RE ions, which is srnall, i.e., J N O.Ol eV in the

compounds. CeMo6Ss does not follow the general trends exhibited

by the other RE ions. Similar situation is realized on the magnetic

ordering temD.eratures of the compounds. The [Drn of the rare earth
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Chevrel compounds are almost below 1 K and show a systematic vari-

ation with RE in proportion to the deGennes factor. However, the

TN of CeMo6Ss is higher away from the systematic variation.

     In the present work, to investigate these problems in CeMo6Ss,

a systematic study of XPS, X-ray diffraction, electrical resistance,

magnetoresistance and magnetic susceptibility rneasurements was done
in trie system CexLal-xMo6Ss.7--10) The results on the valence of

Ce in CeMo6Ss are given in Section 3. The superconducting. pro-

pertieS Of CexLal-xMo6Ss with x s O.14 and the magnetic properties

Of CexLal-xrJr06Ss with x > O.2 are discussed in Section 4 and .5,

respectively.
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g 2. EXPERITvlENTAL

                '
     Samples of CexLal-xMo6Ss were prepared by sinter•ing from

Ce2S3t La2S3, MoS2 and Mo powders. The procedure is shown in Fig.4.

The rare-earth sulfides used in the sintering were obtained by the

chemical reaction between (RE)C13 and H2S at 1000 OC for 2 hours,

where RE = Ce or La. The sulfides MoS2r Ce2S3 and La2S3 were

heated to dehydrate at 200 OC for 24 hours with pumping. Mo powder

Was deoxidized under a flow of hydrogen gas at 1000 OC for IO hours.

Appropriate amounts of these powders were well ground together,

pressed into tablets of IO rnmD x 1 mmT and reacted at 1350 OC for
3 hours under an argon atmosphere of 4o kg/cm2 in a high pressure

furnace after preheating at 400 OC for 24 hours. Subsequently, they

Were crushed, reground, pressed again into tablets and annealed at

1350 OC. To get a homogeneous phase, the samples with low concent-

ration of Ce were prepared by dilution in cascade from the concent-

rated samples. The crystal structure was checked at each step by

the X-ray diffraction and the Chevrel phase was confirmed with no

trace of the other phase. The ratio of constitutional elements was

checked by EPMA analysis.

     The compounds CexLal-xMo6Ss crystallize in a hexagonal rhombo-
hedral unit cell. The lattice constant ar and the angle ct in the

rhombohedral unit cell were determined by a standard X-ray dif-

fraction method at roorn temperature. The angle of th.e pnwder dif-

fraction pattern is calibrated by a standard sample of Si.

     XpS measurements were done on the compound CeMo6Ss at roOM

temperature by using a standard photoelectron spectrometer ( SHIMAZU
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 1)

 2)

 3)

 4)

5)

6)

7)

1

ll , Sarnple Preparation Procedure of CexLal-xMo6Ss

2g21gl".HH22g :; tggl33 '. ::iOo ) .t 2oo oc f.. 2 hours

                              •r:tgc,i; ." i",;:=. tg,21; +. 2:gl,) ., ,,,, o, ,.. i.s hours

MOS2r Ce2S3, La2S3 : dehydrated at 200 OC for 24 hours

Mo : deoxidized at 1000 OC for 10 hours with H2 gas

O•5xCe2S3 + O.5(1-x)Zta2S3 + 3.25MoS2 + 2.75Mo
          mixed powder is pressed into tablet at lo t/cm2

-CexLal-xMo6Ss
              sintered at 400 OC for 24 hours and 1350 OC
              for 3 hours at 4o kg/cm2 Ar gas atmosphere

CexLal-xM06Ss : Å~-ray check
Annealed at 1350 Oc for 3 hours at 40 kg/cm2 Ar gas

CexLal-xM06Ss : X-ray check and EPMA analysis
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ESCA 750 ) with the Mg-Kct line ( 1253.6 eV ) as an exciting source.

The block diagram is shown in Fig.5. The sample was prepared by

cutting into a small tablet of 5 mmD x l mm frorn the sintered

materials and polishing the surface. In order to obtain signals

from the inside of tablet, the surface of the sample on the mount

piece was sputtered with argon ion beam of l5 vA accelerated with
2 kv during 5 minutes under argon atmosphere of lo-6 Torr. After

                                       -- 8                                          Torr by turbo molecularthat, the chamber was evacuated below 10

pump and spectra of XPS were obtained. Excited voltage of rCg-Kct

and emission current were 8 kV and 30 mA, resp.ectively. The

measurements were done automatically by connecting the micro-

computer where the data were processed and stored. The binding

energy of the XPS speetra was calibrated with the Au 4f                                                          level                                                      7/2
( 83.8 eV ).

     Superconducting transition temperature Tc was determined by

using conventionaZ four probe dc electrical resistance method down
to o.4 K by 3He refrigerator. The upper critica! magnetic fie]d

Hc2 was measured by the maq. netoresistance method. Ternperature

dependence of the magnetic susceptibility was rneasured by using

the Faraday type magnetometer ( CAHN 2000 ). High field magneti-

zation and magnetoresistance measurements were done in High Field

Laboratory of Osaka University. Details of the measurement

systerns are mentioned at Section 3 in PART I.
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g 3. vALENCE OF Ce IN CeM06Ss

     valence of Ce in the Chevrel compound CeMo6Ss was investigated
                                                            7)
by lattice constant and XPS measurernents at room temperature.

     The lattice constant ar and the angle or in the rhombohedral

unit cell were determined by the X-ray diffraction method. Obtained

values are shown in Fig.6 as a function of Ce concentration in the

SYStem CexLal-xMo6Ss. The lattice constant ar decreases linearly

with increasing Ce concentration as in Fig.6(a), following the
vegard's iawii) in a whoie concentration region of ce within our

experimental errors. The concentration dependence of ar(x) is

given by a following experimental formula

                                         o     a.(X) =( 6•521 '- O•Ol4'X )Å} O•OOI Ar ( 2-1 )

where x is the Ce concentration. The angle or has almost constant

value of ( 88.77 + O.02 )O as shown in Fig.6(b).

     Fig.7 shows the Ce 3d XPS spectrum in CeMo6Ss. Two strong

peaks with binding energies 904.5 and 885.9 eV are assigned to the
3d3/2 and 3ds/2 transitions with a 4fl final state of ce3+, labened

by ce3+(4fl) in the figure. Two weak shoulders, whose binding

energies are approximately 3.3 eV lower than main peaks, are their
shake-down sabellites with a 4f2 final state of ce3+ , labened by
ce3+(4f2) in Fig.7. The peak associated with ce4+(4fO) expected

near gls ev12'l3) does not appear above the noise level which is

                                      3+about 1.7 g of the peak intensity of Ce . Fig.8 shows the Ce 4d

XPS spectrum in CeMo6Ss. A single broad peak is found near 111.9

                           -91-



CEÅ~LA1...Å~IVIO6Ss

6.53

- 6.52
o<
vo" 6.51

,
6.50
88.9

I

(a )

o
?is

88e

88e7

88.6

K

;
E

(b )

T

o  O•2 O•-4 O.6
CONCENTRATION

   o•

OF
8

Ce (

1•O

x)

FIG,6   (a) Concentration dependence of lattice
constant ar(x) and (b) angle or(x) of the
rhombohedral unit cell in the system Ce -
                                      xLal-xMo6Ss•

- 92 -



>FH(•t•-)
Ztu
-ZN

CEMo6S8

..-s2st!ll:s!fltct2-3'(4fi)

 : btl
s e.

I:e:                 t
                :
                :
                ;
                .               ;
               :
               ;
              "t '
              "t
             i
            /
           s.iisctm'"'it.e,;'zei.)gl"P'

       -t

:
;
:
.

k
 . s  .

Aso

..;

'i

 "te ,

 N.,

  )ÅÄ

   x..

    ;
    :
    .
    t
   .
   .
   .
   .
   .
   .
   .
   :

  .
  :
  :
  .
  .
  :

 .
 :
 '

:
•}

..

:
   tt
x' t.e

1
:'

i:':

 :s

t

.
.
}

:

 .
 .
 t
 .
 .`

t

'<e---f-m-r)Ce3+(4f 2 )

.

f

:
:.

t--

 .
 1
 .
 !
  .
  ;
  :.
   'g

.

925
BINDING

-900
  ENERGY(eV)

875

FIG,7 Ce 3d XPS spectrum of CeT4o6Ss. The peaks
     are labelled by the valence of Ce in the initial
     state and the number of 4f elecf-rons in the
     tinal state. Aso = l8.6 eV is the spin-orbit
     splitting. The peaks are normalized to the
     height of the 3ds/2 peak•

-93-



>-t.mpt,e

ut

ubz"-.•--

        CEIVIo6Ss ..
                             .                           - --                           .                             .                          1'                             :                          .. .                   '                              .         •-                          . ..
                         t'                              .                         e                              .                         "s
                        's                        .                        e-                        :ee
                        -e                        et                       ' 's                       -
                       -e                                 .                       "e                       e                       '                                  .                      :                                  s                      e:
                      : •e                                   .                     ..                                   :
                     :
                                   .                     :-                    .                    e ee                    .                                    s                    •. -                    --                   :-: --
                   --                  -t                  ;. .•                 t'                'x :                - et               --                --               .e.s "       .";.;..;xs' 'tt"V•t;.
-.,t.vt:e.:tl.tts:;.SresN" ...
                       ,

.

130

  FIG

                  115

       BINDING ENERGY

,8 Ce 4d XPS spectrum of CeMo6S
   spectrum is normalized to the
   the rnain peak.

               -94-

(eV)

 . The8

height of

100



                                     are poorly resolved due to ,eV. The peaks due to 4d                           and 4d                                 5/2                        3/2
multiplet effects and the peak due to ce4+(4fO), which might be
                                  'appeared around i2o evi2) if ce4+ is mixed, is not found above the

noise level. If we assurne that the relative intensity of the peaks
due to ce4+ and ce3+ ion' s i's proportional to the mixing ratio of

these states in the sample, the amplitude of ce4+ state must be

less than 2 g. The resu!ts are summarized in Table l.

     From the experimental results that the concentration dependence

of lattice constant ar(x> in CexLal-xMo6Ss folZows the Vegard's

law and the relative intensity of the xps peaks i(ce4+)/i(ce3+) is

less than 2 g, it is concluded that CeMo6Ss is not a mixed valence

compound and the valence of Ce is trivalent.
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TABLE 1 Binding Energies fo, r CeM o6Ss

B,E.(eV) B.E.(eV)
3d3/2 3ds/2 As.o.(3d) 4d3/2 4ds/2

Ce3'
<4f1) 904.5 885.9 18.6

(4f2) 901.3 882.6 18.7

Ce4+ (4fo)

ce4"/ co3'
: JI-!!kt9-iL(4fi.4f2) fE{{ 1.7 o/o



 g 4. SUPERCONDUCTING PROPERTIES

     Superconducting transition temperature Tc defined by a midpoint

of the resistive transition was obtained as a function of Ce con-
                                                       'centration in the dilute system CexLal.xMo6Ss as shown in Fig.9.

In the figure the Tc is reduced by that of LaMo6Ss Tco = 5•6 K.

The vertical bar of experimental points means the transition width

from 10 O-. to 90 O-. of the transition curve. When the concentration

of Ce is increased, the Tc is decreased with the initial decrease

Of -(dTc/dx)x=o = O.2 K/at.9oCe. It is rather srnall compared with
                                     l4)the case of Ce irapurities in La                                  Th                                        where the valence of Ce                               1-y Y
is strongly fluctuated; for instance, Ce ions on the La-rich side

is magnetic and non-magnetic on Th-rich sidet and the initlal decrease

is l A, 6 K/at.9aCe depending on the Th concentration. The weak

depression of Tc in the present compounds suggests the weak coupling

between the Ce ions and the conduction electrons.

     Transition width becomes broad near x = O.l4 as shown in the

figure. The transition curve of electrical resistance for the

sample with x = O.l4 is shown in Fig.IO. It shows a gradual decrease,

leaving a sinall trace of residual resistance at O.4 K with decreasing

ternperature. So, the critical concentration for the break of super-

conductivity is likely to be xc = O.l4.

     The upper critical field Hc2 was also measured as a function

of temperature for the cornpositions with O S x S O.l3. The Hc2 is

defined by the field of midpoint of the resistive transition. The

results are shown in Fig.ll. The Hc2(T) of non-magnetic supercon-
ductor LaMo6Ss is well explained by the universal curve15) determined
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by the following relation

     ln(1/t) = ip(l/2 + h/2t) - th(1/2) , (2-2 )
'

where t = [P/Tc, h = O.281.Hc2(T)/Hc2(O) and tp(z) is the digamma

function. On the other hand, the Hc2(T) eurves for the cornposi-

tions with x = O.l2 and O.13 show a broad maxirnum near l.2 K. It

suggests a characteristic behavior of the Kondo effect for the

case with srnall TK/Tco and relatively high concentration of Kondo
impurities.16)

     To check the rnagnetic state of Ce impurity in the compoundsr

as usually done, we plot the initial slope of Hc2(T) curver (dHc2

/dT)[D as a function of Tc in Fig.12, where both the initial slope
     C
and Tc are reduced by those of LaMo6Ss. Her,e we apply the theory

of Kondo effect in superconductivity given by Mabsuura-rchinose-
Nagaoka ( hereafter we cau the theory as mN )i6). in the figure

the calculated curves by the MIN theory are given by solid lines

as a parameter of TK/Tco ( see APPENDZX I ), together with the
curve of broken line calculated by. the AG theory6). For TK/Tco > 1

the initial slope increases abruptly with decreasing the Tc in low

temperature. !n the case of TK/Tco < 1, on the other hand, it

decreases rnonotonocally with decreasing the Tc and the curve be-

comes close to AG curve with approaching TK/Tco = O. FOr TK/Tco

"v 1, the curves obtained by numerical caleulations are unstable in

the low temperature region, so they are not shown in the figure.

Our experimental data deviate clearly from the AG curve and dis-

 tribute over the MIN curves with the value of parameter TK/Tco =

                          - 101 -



    1•O

  e
  I/ll

CO•8
R-

8-

v urvO.6

!ex -v
  gl
C O•4•

:v
fi).'

Å~
V(YO-

i
=.

    o

CEÅ~LA1.-Å~i"106S8

`

TK

-

? u        '     ""   lt
 tl
     !-

     i

{.itiill(KifgO,oi

     =O,OO1
           -• 7     =1 x 10

i

/TcO
 =5
 =3
=2

 =1   x

l77•

1
z

1

             /            -          -          /        -       /      1      /•    11

 z

          /

         ti?

-

1

' -

•l-

t

'

/
/

1
/

/

1

1
y

/

Xl
As

1

/
/

1
'

1

l :t

'

I v I ' I

ny

i

-

.

                         T' c! Tco

FIG,12 The initial slope of the Hc2(T) curve, (dHc2/dT)T
     as a function of reduced temperatures Tc/Tco. The C
     g'2i:gal,xggp2.gs.gl2o.,g2d.gcgs b,x.t2,ag.;; L.2"l]2fi?i6)

                                      6)    A broken line is for the AG theory . The MIN curves
     obtained by numerical calculations are unstable in the
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O.OOI N 1 within our experimental errors.

     Next, we try to explain the results of Ce-concentration

dependence of Tc by applying the MIN theory. The relations used

in the calculation of T (x) are shown in APPENDIX r. In the case                       c
we have two adjustable parameters TK/Tco and N(O), N(O) being the

density of state per atom. For the value of TK/Tco we use the

range TK/Tco = O.OOI N 1 obtained from the above discussion on the

relation (dHc2/dT)T versus Tc. Best fitting curves of Tc(x) are
                   c                                                     -2                                                           -1                                               -3calcuiated for the typical values of TK/Tco == 10 , 10 r 10 ,

O.5 and 1 in the range by adjusting the density of state N(O).

The results are shown in Fig.13 together with the experimental

data. Five theoretical curves; A, B, C, D and E in the figure

have the value of N(O) = O.53, 1.00, 2.20, 3.95 and 4.90 per (eV.
atom) for TK/irco = lo-3, lo'2, lo'1, o.s and 1, respectively.

They show a good fitting with experimentai data except for lower

temperature region. Considering the most realistic range of the
                                               l7)N(O) in the Chevrel compounds as O.2 < N(O) < l,                                                   the most rea-
                                    -p- -
sonabZe value of the Kondo temperature is estimated to be TK/Tco

== O.OOI AJ O.Ol with Tco r 6 K from the superconducting data in

CexLal-xM06Ss. A broad transition and a srnall trace of residual

resistance at O.4 K for the concentration Å~ = O.l4 as shown in

Fig.10 may reflect the reenter to normal state frorn the supercon-

ducting state at low temperature, as expeeted from the theoretical

curves B and C in Fig.13.
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g 4. "{LAGNETIC PROPERT!ES

     High fieid magnetization was rneasured for CeMo6Ss up to 300

kOe. Fig.l4 shows the magnetization M per Ce ion for the compound

as a function of the applied field at 4.2, 2.0 and 1.3 K. In the

high field region above 160 kOe, the magnetization shows a linear

increase with increasing field. The high field susceptibility
                                        -5                                           emu/g. Dashed lineabove 200 kOe at 1.3 K, xhf, is 1.07 x IO

shows the rnagnetization due to the high field susceptibility at 1.3

K. By subtracting 'the dashed line from the rnagnetization curve in

the figure, we get a magnetization curve which saturates in a high

field region as shown in Fig.l4(c) The saturated moment is increased

with decreasing temperature.

     Temperature dependence of the rnagnetic susceptibility was

measured for five sarnples with different concentrations of Ce

x = 1.0, O.8, O.5, O.3 and O in CexLal-xMo6Ss. To extract the

contribution of Ce impurity, the magnetic susceptibility of LaMo6Ssr
which has an almost constant value of 2.6 x 10-4 ernu/mole and a

smaU increase at low temperatures due to magnetic impurities, was

subtracted frorn the data. In Fig.15 we present the temperature

dependence of the inverse rnagnetic susceptibility per mole Ce as a

parameter of Ce-concentrations. It is remarkable that the magnetic

susceptibility per mole Ce is independent of the Ce concentration

and shows the same temperature dependence within our experimental

errors. Above 120 K, it follows effectively the Curie-Weiss low

X= C/(T--O) with C= 2.45 Å} O.05 pB/Ce and C' = -38 Å}3 K. The
Curie constant is a little bit srnall for the value of free ce3+

,

                             - 105 -



ceMo6Ss

  l,5

AoU-Eer'

iv1,O
2

   O,5

-30

1

1.3K
O.5

Adi

ox 2.0K
ta
=v= 4.2K

o -20 -10
10 2030H( kOe)

(A )

. -O.5

t '

Å~

t ' t

XT

  --! -

4.2 K
                --2.0K t          tt1.3. Kt r'

(B) '
        --      .-•    '  t-

oo
1OO

 MAGNETICFIELD,

 200
H ( }<OE )

300

FIG ,l4 Magnetization process of ceMo
  region and (B) high field region,
  line rneans the magnetization due
 'ceptibility at 1.3 K.

6Ss fOr <A) low field
 respectively. Dashed
to the high field sus-

- 106 -



,

 cout
 ooE
Åë

v

m. Il
p

KQN

l

xN ."

oON

OmP..

oo'

ol.S')

Åë

Ox
a"ut
).,.e,e

-
v).--,e
-uzo<2

         Q 9 op, oO         o, o o  (e )/grf) NouvzuyNovw

FIG,14(c) Magnetization curves of Ce.Mo6Ss which are subtracted
         the dashed line from the magnetization curves in Fig.l4(B).

- I07 -



 oo
Cl)

 oo= Å~
 t rl<" Å~mU

gx
 rt

l

te
X+Q"N)
 gx"o
 <x-o  ptto
   "o   "die
   ""e    n Qee
     se     x +o      m      t.pto       -"e       pte      +no        "e         4P         Kt         " +e          "a           RV           .-cp

+<xo
ocomn ----.- oÅëo
"

Å~

),bqo

re
,.to

x" o
ny"o

 K,Ob
 x-o  xO
  ptv
   ge
   ,ote
   C,,b
    nt)     va     so      mo      glo       N       so       sc        tao
        wo         o x

  rs
  --   =-
   .    "K
     -."
     •:      ."

-

ooo        oo       9- .o
l.( eo1ouj/nu"ie) tx/l

oorr

ooro
   A
   =

g,

E:•

   ."E.

oop

FIG
l

oo

15 Temperature dependence of the magnetic
 bility as a parameter of Ce concentration
 SYSteM CexLal-xMo6Ss. The susceptibility
 independent of the Ce concentration.

        , susceptz-
x in the
is almost

- 108 -



2.54 uB/Ce, and the Weiss constant is large compared to the TN =

2.5 K of CeMo6Ss. These facts suggest that the magnetic suscepti-

bility is mainly determined by a single site character of Ce,

including the exchange interaction with conduction electrons.

     In a first approxirnation, we tried to explain the results in

Fig.l5 in terms of the cubic crystal field splitting and Kondo ef.F.ect
by applying the DeGennaro and Borchi's equationl8) which is shown in

APPENDIX II. As a first step, we calculated only the effect of

crystal field splitting on the susceptibility. In Fig.16 the curves

for the splitting A = IF7-rsl = 1000, 500 and 200 K with r7 ground

state and rs ground state are given by A, B, C and a, b, c, respecV

ively. As seen in the figure, two cases are clearly discrirninated

on the ternperature dependence at low temperatures: the susceptibility

                                            --for r7 ground state steeply increases at low ternperature comp.ared

wÅ}th that for rs ground state. The case of A = O is given by a

linear line O which Eollows the Curie law with Curie'constant C =
N(guB)2J(J+1)/3kB = O.0804. Experimental data of CeMo6Ss are also

plotted by dotted circles. It is found that their ternperature

dependence belong to the group with rs ground state.

     Thus, on taking account of the combined effect of Kondo and

crystal field splitting, we choose a best value of A with rs ground

state to fit with experimentai data. Kondo temperature TK is taken

to be in the range TK = O.Ol "u O.l K as is estirnated in the preceding

section of superconductivity in CexLal-Å~-Mo6Ss. Within those limit-

ations for A and TK, the other parameter of band width D is adjusted

to obtain a best fitting curve. Three typical examples of best

fitting curves are shown in Fig.17(a), (b) and (c) Åíor the set of
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pararneters ([DKr Ar D) to be (O.OIK, 450K, l5000K), (O.05K, 400K,

8000K) and (O.XK, 380K, 4500K), respectively, thouq.h it is difficult

to obtain a unique set of pararneters for the theory having three

adjustable pararnetfers. From this fitting procedure, it is suggested

that the most probable value of crystal field splitting'  A is about

400 K with rs ground state and the value of band width is D = 4500 N

15000 K.

     On the other hand, temperature dependence oE the magnetic
entropy calculated from the data ( Fig.l ) given by Maple et al.4)

is shown in Fig.18. A plateau in a temperature region frorn TN to

7 K suggests the doublet ground state of crystal field splitting

though the entropy is somewhat small comparing the ideal value Rln2

expected for the doublet. A sharp, decrease below TN is due to the
magnetic ordering. A tendency to rise up nehr 7 K with in'creasing

temperature suggests that the first excited doublet exists about IO K
                         *above the ground doublet. Hence, considering the preceding discuss--

ion of magnetic susceptibility, we finaiy propose the scheme of

crystal fieid splitting in the compound CeMo6Ss as shown in Fig.19.

Two lower lying doublets separated by about 10 K give the effective

contribution to the magnetic susceptibility at lower ternperatures.

Xn a first approximation, however, the preceding analysis as the

quartet ground state is effective at high temperatures above IO K.

This model is also consistent with C3 symmetry of the crystal struct-

ure in the cornpound CeMo6Ss.

* The value IO K is only a speculation because the specific heat

  above 8 K is not measured.
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     A typical exarnple of temperature dependence of the electrical

resistance for the system CexLai-xMo6Ss is shown in Fig.20 as a

parameter of Ce concentration. The resistance is normalized by

the value at 300 K because of the difficulty to estimate the absolute

value for the present sintered material. The resistance of Ce--doped

samples in zero field has a rninirnum around 14 K, showing the peak

at 2.5 K, 1.9 K and 1.4 K for x= l.O, O.7 and O.5, respectively,

and then followed by a decrease with decreasing temperature. The

resistance minimurn at l4 K is thought to be due to the Kondo effect.

The peak temperature 2.5 K of CeMo6Ss coincides with the antiferro-
magnetic ordering temperature4). Thus, assuming the temperature

oÅí the resistance peak to be the antiferromagnetic ordering tempera-

ture TN, the concentration dependence of TN is obtained as shown
                                           .tin Fig.21. TN decreases linearly with decreasing the concentration

in the region of x > O.5. For the concentration x = O.2, a clear

peak does not appear down to O.5 K. The magnetic phase around x =

O.2 N O.4 may be complicated. Detailed rneasurements will be left.

In the figure a phase boundary for the superconducting state is

also shown by a broken line.

     As shown in Fig.20, a large negative magnetoresistance is found

below 10 K for the sample with high concentration of cerium. Details

of the temperature dependent magnetoresistance for CeMo6Ss are

obtained as a pararneter of applied field up to 20 kOe as is shown

in Fig.21. The resistance shows the logarithmic temperature depend-

ence at zero field in the temperature range from resistance minimum

to the peak and decreases with decreasing temperaturer showing a
small kink around O.8 K. The resistance below O.8 K shows T2-
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dependence as shown in Fig.23 and the slope decreases with increasing

the applied magnetic field. Residual resistance reduced by the

resistance at 300 K is estimated to be about O.1 from the extra-

polation to zero temperature in the figure. The difference in the

resistance due to magnetic field, AR = -[R(O,T) - R(H,T)]/R(O,300),

is plotted for several magnetic fields as a function of temperature

in Fig.24. As the temperature is decreased from 4.2 K, the differ-

ence AR is negatively increased with a shoulder at 2.4 K as indicated

by an arrow and shows a broad minimum around O.8 K. The minimum

position is shifted to higher temperature with increasing the applied

magnetic field. The shoulder at 2.4 K is attributed to the effect

of spin fluetuation at the magnetic ordering as typically seen in
                                  l9)the weak ferromagnets such as MnSi.

     A clear logarithmic dependence of the rnagnetoresistance was

observed in the compound below 1.2 K as is shown in Fig.25.

     The behavior of the rnagnetoresistance is qualitatively con-

sistent with the model based on the Kondo scattering. at sinq.le site
given by ziatic20) and Beal-Monod et al.21). However, the q-uanti-

tative analysis is difficult at the present time. Concerning the

theoretical problems for the dense Kondo rnaterials such as Ce-

compounds, they are currently under investigation. On this point,

it rnay be needed to accumulate a more detailed experimental data

for various type of dense Kondo materials.
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S 6. CONCLUDING REMARKS

     we have presented the experimental results for CexLal.xDlo6Ss;

lattice constant., XPS, Tc(x)t Hc2(T), M(H), x(T) and R(H,T).
                                                       '     concentration dependence of lattice constant ar(x) in CexLal-x-

M06Ss follows the Vegard's law. Relative intensity of the XPS
peaks i(ce4+)/i(ce3+) is less than 2 g.. From these results it is

concluded that CeMo6Ss is not a mixed valence compound and the

valence of Ce is trivalent.

     Superconducting transition temperature and the upper critical

field in the dilute system of CexLal..xMo6Ss ( x <- O•14 ) Were

obtained as a function of concentration and temperature, respectively.

These superconducting properties with low x were well explained by
the MIN theory based on the Kondo effect with' a range of Ti/Tco =

o.ool N o.ol with Tco = 6 K.

     Magnetization measurement for CeMo6Ss shows a rather small

saturation moment about O.6 vB and a large high field susceptibility
            --5               emu/g. Temperature dependence of the magnetic sus-Xhf N l x 10

ceptibility per mole Ce is almost independent of the Ce concentration.

This fact suggests that contribution of the exchange interaction

between Ce spins and conduction electrons is dominant compared to

the Ce spin-spin interaction. As a first approximation, the suscept-

ibility is explained by the erystal field splittinq. and Kondo effect,

which is consistent with the results from the superconducting .D.roper-

ties. Considering the crystal structure and the experimental results

in magnetic susceptibility and specific heat, we proposed a model of

crystal field splitting which consists of three doublets with the

                             - !25 --



excited energy of 10 K and 400 K in CeMo6Ss•

     Concentration dependence of TN is determined frorn the temperature

dependent resistance of CexLal-xMo6Ss. A large negative magneto-

resistance is found below 10 K for the sarnple with high concentration

of cerium. Magnetoresistance ef CeMo6Ss is qualitatively explained

by the rnodel based on the Kondo scattering at single site. However,

the quantitative analysis is difficult at the present time.
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APPEND!X I --- CALCULATZON OF Tc AND Hc2 BY MIN THEORY ---

     According to their theory, Tc is given by

                                               2                            'n [Åëi(Tc,n)] •
     ln(Tco/Tc) = -Åë(Tc,n) + 4[rKp l+ n TKp Åë2 Tcrn ''

                                                    ( A-11 )
where
                         11     o( [v ,n) = 2T[i? al Z.o[ rm ' a ] ,                                                    ( A-12 )

                          k                      f(al)     Åëk([[',n) = 2TT.Z.o usffii ) '                                                    ( A-13 )

     f(.) ,. [1. 2+col ]-2 , (A-14)
                    K

             Ti'ii [ (4'TTI ill) ' ll'(IIIEIillll)2 ] • ' lilii!l ` i r '

             2iTp -E( ir I"?-Siz ri (.t.t/iilllli4)lT + <3/4). r [21z,[Ii:-LK > i r

     tu = (2rn+1) Tr ( rn = Or Å}lr Å}2r Å}3, ''' ) , ( A-16 )

where TK and Tco denote the Kondo ternperature and the transition

temperature of a superconductor wÅ}th no magnetic impurities, res-

pectively, n the impurity concentraticn and p the density of state

of conduction electron.s per atom per spin. These equations can be
caleulated with two parameters; TK/Tco and nN = n/(2")2Tcop.

     The equation to determine the upper critieal field Hc2 can be

obtained by a slight rnodification of ( A-11 ); Le. it is given by
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     in([pco/Tc) = -8([pc,Hc2,n) + z[IT}::hsKp i + in{iftiT[DKCgilil("TilH2.2,n) r

                                                    ( A-17 )where
                                                        '     1lj(TrHrn) = 2TTtoZ>o[ to+nct k +DeH d el ] , ( A-18 )

     1)Sk([PrH,n) = 2TTtoE>o' co'+norf ((:SDeH , ( A-i9 )

where D is the diffusion constant which we assume is determined by

nonmagnetic irnpurities. (dHc2/dT)T is calculated by using the
                                  c
equation near Tc(H=O). (dHc2/dT)T and [Dc are combined through

the parameter n. Therefore, in (dHc2/dT)T versus Tc plot, n                                                             does
                                         c
not appear explicitly as a parameter, but only TK/Tco appears.
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APpENDIX II -- CALCULATrON OF x BY DeGennaro-Borchi EQUATION --

     According to their theory, magnetic susceptibility is given by

the sum of two contribution; xo and x2. xo gives the crystal field
                                              22)contribution as obtained by Murao and Matsubara . x2 is the

term of the Kondo effect with the crystal field splitting.

     Xo=(C/T)F(T), (A"21)
     F(T) = (4/7) (eBA+2>-1[a/12)(26+seBZX)+(s/3)(BA)-1(eBA-1)] ,

                                                     ( A-22 )
where C = N(gpB)2J(J+l)/3kB is the Curie constant, B = 1/kBT and

A is an energy separation between a doublet and a quartet ( of
                                             .-which the doublet is lower ).

     x2 = (C/[V) (2rp)21n(kBcr/D) tp(T) , ( A-23 )

                                            BA     Q(T) = lgg eBAI+2 [ 986 + l25eBA + 96oeEA+2 + sk (eBA-1)

                              BA                                        BA                Å~( i2i6 + 9602BAii - 480gBA!t + Z20 ) ] ,

                                                    ( A-24 )
                                                             "+where r is the parameter of s-f exchange interaction; Hsf = -rJ...

 p is the density of state.. In order to determine T                                                     from 2rp, the                                                   K
usuai forrnuia TK = De-i/21rIP is modified by considering the

influence of the crystal field on the Kondo effect as follows,

         )= (2Tp)-1, (A-25)     Y (T        K
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where
    iY (T) = [ l5 + 192(1+eBA)-l + 7se-BA]'1

            Å~{[•-2s+g6(l+eBA)'-l+7oe-BA]lnkBT/D + [2o+4s(l+e

                  +4e-BA]ln(lkB2[r2-•A21/D2) } o ( A-26

                     '

Thus, we can calculate the magnetic susceptibility x = xo +

with three parameters TK, D and A.

BA)-1

 )

 X2J
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