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PART I

SUPERCONDUCTING AND MAGNETIC PROPERTIES OF Pb —xEuxMOGS

ABSTRACT

Effect of magnetic ions on the superconductivity is investi-
gated in the pseudo-ternary Chevrel compounds Pbl.2~xEuxMo6S8 by
measuring the electrical resistance and magnetization in the range
of temperature down to 0.1 K and magnetic field up to 650 kOe.

Superconducting and structural transformation temperatures,

TC and Ts’ are obtained as a function of Eu concentration. A clear
enhancement of H_, is found around the composition PbO.7EuO.5MOGS8
and the HCZ(O) is estimated to be 630 kOe. The dependences of T,
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 + 0.6 meV between the conduction elect-
rons and Eu spins. Valence mixing of Eu2+ and Eu3+ is suggested

in Eu from the high field magnetization data. A large

1.2M065g
negative magnetoresistance is found in Eul 2Mo6S8 near the magnetic
ordering temperature Tm' which indicates that the spin fluctuation

effect is large in the compound.



§ 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 energy loss due to Joule heating
is too much. 1In order to obtain high magnetic field without
energy loss, superconducting materials with a high critical field
are needed. So, high field supefconductors have been extensively
developed by many reéearchers as well as high TC superconductors.

Fig.l shows the HcZ(T) curves in some of the high field
superconductors. NbTi alloy is commercially used as a standard
superconducting wire for practical application. Nb,Sn and Nb.,Ge

3 3
1)

are A-15 type superconductors 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. PbMoGS8 and SnMoGS8 are Chevrel phase
2)

compounds®’, having a very high critical field and a large initial
slope -(dch/dT)TC. In particular, Pbe0688 with x = 1 has an
extremely high critical field. The upper critical field H o of

3)

this system has been investigated by three groups; Foner ',

4) 5)

Fischer and our group '. They found the highest HC2(O) of

Pb_Mo_.S, to be 600 kOe as is seen in Fig.l. At 4.2 K, H of this

X 768 c2
compound is about 4 times higher than that of NbTi. If the com-

pound is developed as practical superconducting wire, it may 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 ourselves.G)— 2)
Generally, external magnetic field destroys the superconduct-
ivity by interacting with orbits aﬂd spins of the conduction ele-
ctrons. Tn a Type 11 superconductor, orbital critical field HC;
is given by
* (bo

H = ( 1-1)
c2 2ﬂ£2 ’

where & is' the Ginzburg-Landau coherence length and ¢O the flux

10)

quantum, In a dirty limit (2<g), we have

£2 o Rev /T, ( 1-2 )

where £ is the mean free path of the electrons in the normal state
and Vi 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, HpO' given by

H o = 18.4 T_ [koe] .tV ( 1-3 )

pO
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

2)

the two states forming a Cooper pair. In this case, the para-



magnetic limit Hp is given with the spin-orbit coupling parameter
A, , as follows,
so

H, = 1.33 /X;;?Hpo. ( 1-4 )
For Aso + «© we have Hp +~ © and no paramagnetic limitation will
occur in this extreme case. On the other hand, it is pointed out
by Orland et al. that Hp is substantially enhanced by the strong
coupling contributions.l3) Anyway, the basic properties of high
field superconductors are still not completely understood.

Chevrel compounds are written with the general formula MXMOG—
X8,l4) where M stands for a large number of metals as is shown in
Fig.2 and x may take a value between 1 and 4 depending on the

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

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

phases were superconducting with reasonably high critical tempera-

5)

tures,1 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)
8.

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

molybdenum sulfides REMO S Various phases of REMo S, are

all superconducting in spite of the fact that they contain nearly
7 at.% magnetic rare earth ion. For RE = Gd, Tb, Dy and Er, they
show coexistence of antiferromagnetic order and superconductivity

at low temperatures, Only HoMo becomes ferromagnetic at low

6°8
temperatures where superconductivity is destroyed. These fascinate

7)

sy 1
physical properties are also found in RERh,B, compounds. 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 iong range magnetic order-
ing of the RE magnetic moments.l8)
In 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
H, behavior depends on the sign of the exchange field. If the
exchange is negative, it is possible to observe an enhancement of
H_, with respect to the equivalent non-magnetic compound as a
result of a compensation of the external field by the exchange
field acting on the conduction-electron spins. This idea was

9)

first proporsed by Jaccarino and Peter.l Nuclear magnetic re-

sonance and MOssbauer effect studies by Fradin et al. on Sn0 5Eu0 5~

MocSg showed a negative s-band polarization at the Mo sites.zo)

These results indicate that the exchange interaction between the
conduction electron spins and the Eu magnetic moments is antiferro-
magnetic in the Chevrel compounds. 1In this case it is expected
that the H, 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

21)

energy E_ and low conduction electron DOS at the RE site,. The

P
former 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

model, Maekawa and Tachiki calculated the effect of magnetic spins

on the superconductivity by taking account of the inelastic scat-



tering of conduction electrons with the magnetic spins which cor-

2)

relate each other through exchange interaction.2 They give a
general formula for the temperature dependence of upper critical
field HcZ(T) and show a quantitative explanation to the Jaccarino-
Peter effect.

These theoretical and experimental results stimulate us to
investigate the effect of magnetic impurities on the upper critical

field in the high field superconductors Pbeo6S for the possi-

8'
bility of getting even higher critical field than 600 kOe.23)
Fischer et al. tried to observe the critical field in Pbo 2Eugy 5=
24 . . .
MOGSB' ) 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.25'26)
In the present work, a systematic study of electrical resist-
ance, magnetoresistance and magnetiéation is done in the pseudo-
ternary compounds Pbl.z—xEuxM0658'27'28) In Section 2, a brief
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 summa-

rized in Section 5.



§ 2. CRYSTAL STRUCTURE AND ELECTRONIC PROPERTIES

Ternary molybdenum sulfides MxMo6SB crystallize in a hexagonal-
rhombohedral structure with the rhombohedral angle a close to 90°,.
As is shown in Fig.4 these compounds contain building blocks with
the formula MOGSS' 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. The Mo atoms in one unit form a slightly deformed
octahedron cluster. The shortest Mo-Mo intercluster distance
becomes very large compared with the intracluster distances. The
element M is situated in two different sites to satisfy the hexagonal
rhombohedral symmetry. One is centered about the origin of the

rhombohedral unit cell (000) surrounded by 8 units Mo,S

658 and the

other is centered at (iOO) surrounded by 4 units MOGSS' So, X in
MXM06S8 may take a value between 1 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 1.8 < 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 x may vary is very
narrow.

MXMOGSB 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

(000). As a whole, MXMOGSS can be seen CsCl type structure composed

of the M-atom and the MOGSS cluster. The shortest distances of M-Mo
o

and M-M are 4.2 and 6.5 A, respectively. These large distances
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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 lattice points.

Recently, particular band calculations in these compounds were
reported by Jarlborg and FreemanZl). They showed that the conduct-
ion electron DOS at the M site is reduced by an order of magnitude
from its metallic state value, This low conduction electron DOS
yields very weak coupling of the 4f-electrons to the conduction
electrons and only a very weak Ruderman-Kittel-Kasuya-Yosida magnetic
interaction, showing why all the rare-earth Chevrel compounds except

Ce and Eu are superconducting despite their large local magnetic

moments.



§ 3. EXPERIMENTAL PROCEDURES
3.1. Sample preparation

Sintered samples of the pseudoternary compounds Pbl.Z-XEuxMO6S8
were prepared by the powder metallugy technique. The procedure is
summarized in Fig.5.

At the first step, europium sulfide, EuS, was obtained by the
chemical reactions of EuCl3 and HZS at 1000 °C for 1.5 hours after
the desiccation of EuCl3 with pumping out at 150 °C for 2 hours.

The product was checked to be a single phase of the europium sulfide
by the X-ray powder diffraction.

Next, appropriate amount of starting materials PbS, MoS,, 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 10—5
Torr and then heated at 1100 °C for 40 hours after preheating at
400 °C 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 1100 °C.for 40 hours.

In these heat treatments total amounts of the powders in the
tube were less than 4 grams to avoid bursting up the tube due to the
excessive vapour pressure of sulfer. Compounds with nominal concent-
rations x = 0.0, 0.2, 0.4, 0.5, 0.6, 0.8, 1.0 and 1.2 for Pbl.Z—xEux_
Mo6S8 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



Fig,5, Sample Preparation Procedure of Pb1 5_yEu Mo Sy

1)

2)

3)

4)

5)

7)

8)

EuClB-nHzo-—-——}EuCl3 + nHzo at 150 °C for 2 hours

() 0
2EuCl3 + 3H,S —>2EuS + 6HC1' + S’ at 1000 °C for 1.5 hours
EuS : X-ray analysis

(1.2-x)PbS + xEuS + 3.4MoS, + 2.6Mo

2

mixed powder is pressed into tablet at 10 t/cm2

——>Pb; ,__Eu Mo Sy

sintered at 400 °C for 24 hours and at 1100 °C for 40 hour
Pbl.2—xEuxM0658 : X-ray analysis
Annealed at 1100 °C for 40 hours
Pb

l.2—xEuxM0688 : X-ray analysis

Spark-cut into 0.5 mm x 1.0 mm x 7 mm for resistance measurement

- 13 -



phase with a small trace ( <5% ) of binary phases MoS, and Mo,S

2 273
The lattice parameters of these samples well agree with the data

2)

in the Fischer's review '. The obtained samples were spark-cut

into small pieces of 0.1 mm x 1.0 mm x 7 mm for electrical resistance

measurements.

- 14 -



3.2, Resistance and Susceptibility Measurements under a Static

Field

The measurements of dc electrical resistance of Pbl.2—xEux_
M0658 were done by conventional four-probe methods. The measure-
ment system in a temperature region from 4.2 K to 300 K is shown

in Fig.6. Four copper wires of 0.05 ﬁmD 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 mA is supplied by the dc current source ( Keithley
model 225 ) to minimize the Joule heating. Temperature is measured
by Au-0.07%Fe versus silver junction or germanium thermometer ( GR~
200A-1000 ) calibrated by Lake Shore Cryotronics in the temperature

region from 1.5 K to 100 K.

Temperature regulation is done by the automatic temperature

29)

control system developed in our laboratory. Heater A is used

for heating the specimen, while B is immersed in liquid helium and
used for coolingéthe specimen by evaporating cold helium 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 +0.1 K at the temperature region

from 4.2 K to 200 K. Liquid helium lasts for about 6 ~ 8 hours at

one run.
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In the measurements of magnetoresistance below 4.2 K a com-
bined 3He and adiabatic demagnetization refrigerator was used.
Illustration of the measurement system is shown in Fig.7. With
slowly pumping of liquid 4He by Kenney type rotary pump of 3000
liters/min., the temperature is controlled from 4.2 K to 1.2 K
through an exchange gas of about 1 Torr in adiabatic capsule.
Around 1.2 K, 3He gas is liquified in a 3He pot and superconducting
magnet A is operated up to about 25 kOe with the persistent current
mode. After the exchange gas is evacuated to about 10_6 Torr by
a diffusion pump, the temperature down to 0.4 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 magnetic 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(SO4)2-
12H20, and about 2000 urethane coated 0.05 mmD copper wires are
stuffed with thermal cohtact agent Apiezon J oil. Specimen is
mounted on the thermal link which is made of about 200 urethane
coated 0.05 mmD copper wire bundle to avoid the eddy current
heating due to field sweep. Temperature is increased by using the
manganin heater of 100 Q@ 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 recorder. Applied current to the specimen is suppressed below
1 mA. Automatic resistance bridge (Instruments for Technology
Ltd.) and a carbon resistance thermometer which was previously

calibrated by measuring CMN ( Ce2Mg3( *24H,0 ) susceptibility

NO3) 1,

- 17 -
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is used for the temperature measurement from 50 mK to 4.2 K.

The temperature dependence of magnetic susceptibility for
Eu doped samples was measured in the temperature region from 1.5
K to 300 K by using the Farady type magnetometers ( CAHN 2000
ELECTRO-BALANCE ). Fig.8 shows illustration of the susceptibility
measurement system. The balance system is set in a vacuum capsule
with He exchange gas about 1 Torr. Samﬁle 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

6

of Mohr salt ( FeSO,(NH "6H,0; X = (31.22 + 0.32) x 10

4’ 259
emu/g at 300 K ) as a standard sample. Temperature measurement

and control system is the same as mentioned before.

- 19 -
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3.3. High Field Magnetoresistance and Magnetization Measurements

High field magnetoresistance and magnetization measurements

were done in High Field Laboratory of Osaka University.26)

The
laboratory has three capacitor bank systems; D-1 with 250 kJ, D-2
with 1250 kJ and D-3 with 50 kJ energy source and three types of
the magnet are available for practical use; two-layer magnet
150(2L) 20 for 700 kOe in 20 mm bore with pulse duration 0.4 ms,
single-layer magnet with large bore 150(1L)60 for 500 kOe in 60 mm
bore with pulse duration 0.35 ms and single-layer magnet 100(1L) 34
for 500 kOe in 34 mm bore with pulse duration 0.3 ms. Our
measurements were mainly done by two-layer magnet and large-bore
magnet 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 capaciﬁor bank is attained by closing a
pressurized spark-gap switch Gy - The same type switch G, is used
as a crowber or diversion switch. Triggering pulse with small
amplitude from pulse generators are amplified to trigger the main
spark-gap switches Gy and G, with small jitter time by passing
through the two or three stages of spark-gap switch systems. In

parallel with G a mechanical switch MS is connected which should

1’
be operated with the charging voltage of the bank below 4 kV where
the spark-gap switch does not operate effectively.

The cross-sectional view of the two-layer magnet 150(2L)20 is
shown in Fig.10. The inner-layer coil a and outer-layer coil b

are made of the maraging steel which is well known as one of the

strongest steel ( hardness HV nv 700, yield strength > 200 kg/mm2 ).
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They are connected electrically in series and pulsed current flows
through the shadowed area of the magnet. Combinations of mica sheets
and polyimide laminates are used for the insulation between the
windings of the coil. They are strong enouéh against heat, compress-
ive force and high voltage. Other insulaters used to construct

a magnet is shown in the 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 measurement is basically the
same as the dc four probe method. A block diagram for the Hc2
measurements is shown in Fig.l11l. 1In order to avoil excess Joule
heating, a square-pulsed current I < 100 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 time resolution
of 10 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 fielg

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



*PISTJ oTgoudew pasind

TT'614

Digital

Recorder

DC.Amp.

Data

Processor

Integrator

R

Oscillo-
Scope

X-Y

Recorder

B Jopun jUsWSJINSEBSUW 30UBA4STSSJI045uUdewl JO weJI3BIP M201d

Compensation Coil

Field pick up Coil

Pulsed Pulse o
r(::CurrentSource* Generator B .
Trig

\'I

Magne't
Capacitor

Bank
Specimen



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
measurement under temperature control above 4.2 K, respectively.

An ohmic contact between the leading wires and the specimen is done
effectively by the conductive adhesive ( DUPONT SILVER #4817 ).
Copper wires of 0.05 mmD 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 measurements 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 reduction 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.1l2. The specimen is PbO.SEuO.4M0688 and the measure-
ment was done at 4.2 K by using two-layer magnet. (a) is a field
trace obtained by integrating 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)1/2
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 temperature control system is the same
as mentioned before. 1In order to contain the whole assembly for
heating or cooling, a large bore magnet is needed. The magnet

150(1L) 60 permits insertion of a 26 mmID glass dewar which is
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(a)

0.2V

(b)
50 mv

(d)
50 mv

—_
0.1 ms
F16,12 Example of data processing on Pb, gEuy ,MocSg. (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 signal (d) is
obtained by calculating [(b)-(c)]/2 at the Data Processor.
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specially designed to contain liquid helium of about 120 cc below a

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

control assembly. Usual silver 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. 1In 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.l13, a specimen

and a sapphire stage are contained in a thermal insulation cell.

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 diameter. The sapphire has good thermal conductivity

which is comparable with that of metallic copper below 100 K, so

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

The cell is made of bakelite with 1.5 mm thick. An inside of the

cell is covered with about 1200 urethane-~coated 0.05 mmD copper wirés,

which is effective to get a homogeneous temperature under the

transient field. By this arrangement uniformity of temperature

around the specimen and thermometer can be obtained satisfactorily.
There are several cares in ch‘measurements under a transient

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

magnetocaloric effect. The sample thickness used in the measurements

is 0.1 ~ 0.02 mm which is thin enough compared with the skin depth,

§ = 10 mm, for the present compounds. The heating due to.eddy

current sometimes induces a hysteresis loop on the magnetoresistance

curve. This effect is erased by thinnig the sample down to about
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31) In order to minimize the flux-flow resistance the

0.1 mm.
magnetic field is applied along the current direction. The surface

effects such as H which is important in the measurements for a

c3’
single crystal with clean surfaces, are negligible for the present
sintered samples with many imperfections and voidsBz). Special

care must be taken for the magnetocaloric effect, on the other hand,
because it"is 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 above material size when the Eu concentration x is higher
than 0.5 v 0.6. Fig.1l4 shows the magﬁetoresistance measurements
for PbO.GGdO.6MOGS8 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
H., ( ~ 70 kOe ) and high Gd concentration. In the case of (a)
where applied current and the sample thickness are 157 mA and 0.5
mm, respectively, the magnetoresistance curve shows the hysteresis
due to Joule heating at the normal state under the magnetic field.
In order to avoid Joule heating and skin effect the current is
controlled below 50 mA and the sample is thinned below 0.1 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. 1In order to reduce the effect a much thinner
specimen is required to keep a much better heat contact with 4He
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 0.2 K. 1In
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various sample thickness and applied current. R

Fic,14 Magnetoresistance curves of Pb

n

is the normal resistance well above ch.
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the ch measurements of Pbl.Z—XEuxMO6SB for x > 0.5, the sample
with 0.02 mm thick is used and the temperature change is suppressed
down to 0.2 K.

The magnetization measurement is done by using a balanced
pick-up coil.33) rThe technically important point is how to com-
pensate background flux change due to a transient field, which is
usually 104 3" 106 times larger than the flux change due to the
magnetization of the specimen. This is usually done by setting
three coils as are shown schematically in Fig.15(a). Coil A picks
up the magnetic flux change of the specimen 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.1l5(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 make the
net flux in A equal to that in B. Fine adjustment coil C is wound
on B. The coil wire material is urethane-coated 2 % tin-doped
copper of 0.1 mmD. The wire has large residual resistivity ( 2.5
ufdem } and is effective to improve the flux compensation especially
at liquid helium temperature. The standard pick-up coil attains
a flux compensation of 10—4 n 10_5 at the signal output of the
bridge balance circuit.

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

a cryostat is also shown schematically. Three signal outputs of



(u)'

----------- 1
. l ——o
Specimen E R, | _Digital
! | —>
E i Recorder
| |
A 1
momon ) G HI
Pickup Coils Bridge Balance Circuit
(b)
Bakelite

N

LONNNNANG
VAV

o
o

e
—
()

Epoxy Resin

N
N 3 or 4 mm
NG .

Fig,15 (a): Method of flux compensation. (b): Cut view of
standard pick-up coil. '

- 33 -



‘waqsks quawWLJANSBOW UOT4BZTJG9UdBU JO WRIBRTP AN0o0Td 9T'614

Pulse o
Generator
y
Bridge C -
Digital Balance / i F
Recorder . 7
\l, l l He dewar Y
Oscillo - Integrator
Scope |y
XY- q G ’
Recorder
f i 1 =
//
Data | Magnet
Processor Capacitor
Bank
H

A: Pick up Coil E: Glass Rod

B: Cu Capillary F: Motor Drive

C: Shielded Cable G: Quartz Pipe

D: Specimen H: Field Pick up



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 storedd

in a digital recorder ( IWATSU, DM-901 ). Usual measurements are
done at the time resolution of 200 ~ 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 adjustment at the right
position. Usually, a specimen whose length is 10 ~ 15 mm and
diameter of 2.5 ~ 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-1330, IWATSU. Using two shots
of pulsed field generation, two sets of data with and without the
specimen are taken. These are transferred to the Data Processor,
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. 1In this manner, sufficiently high sensitive
measurement can be done under the final effective flux compensation

6 6

of 107°. This corresponds to the sensitivity of 5 x 10~° emu/cc



in a susceptibility measurement.

The calibration of magnetization value is done by single
crystalline CuCl,*2H,0 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 specimen.

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

35) Cut view of the cryostat with the magnet

bore-magnet system,
location is illustrated in Fig.l1l7. Dewar vessels, exchange gas
chamber and liquid 3He chamber are made of gléss to avoid the

skin effect and eddy current heating due to the pulsed field. They
are silvered along 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 uW 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 fo the bottom 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 magnetization is the same as mentioned above. Experi-

ment can be done for 3 hours under usual conditions.
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§ 4. RESULTS AND DISCUSSIONS
4.1. Superconducting and Structural Phase Transitions

Typical results on the temperature dependent resistance of
Pbl.2—xEuxM0688 are shown in Fig.l8: The resistance for low Eu~(
concentrations ( x < 0.6 ) decreases monotonically with decreasing
temperature and becomes superconducting at Te- The resistance for
Eu rich samples ( x > 0.8 ), 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 Eu1.2M0688 around
the temperature where the resistance anomaly appears. As is seen
in the figure, a clear hysteresis is found and the greatest change
in slope, found by the intercept of two tangential lines, takes
place at Ty = 110 + 10 K. This temperature coincides with that
for the structural transformation from the high temperature rhombo-
hedral structure to the low temperature triclinic distortion37 .
Thus we identify Ty in Fig.1l9 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. log 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, 1.0 and 0.8.
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The result is analyzed in terms of the activation energy as usually
done in semiconductors and two activation energies AEY and AE; are
obtained as given in Table 1. The solid lines in Fig.20 are drawn
by using these wvalues AEi. AE* is two orders larger than AE  and
decreases with increasing Pb content. The crossing region of two
tangential lines in Fig.20 almost coincides with the temperature

at which the Hall coefficient changes the sign, which was found by
Harrison et a1.38). The temperature decreases by adding Pb as is
seen in Fig.20. Considering these experimental facts and theoretical
expectation of narrow and high DOS in EuMoGS8 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-Teller effect.

Of particular interest is the composition Pb Mo,S

0.4E99 . 8M065g
which exhibits both the resistance anomaly and superconductivity.
In Fig.21, the resistance for Pb0.4EuO.8MO6S8 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. 1In

low fields the compound remains completely superconducting down to
the lowest temperature of 80 mK. However, a finite resistance re-
appears at 0.55 K in the field of 2.5 kOe. This behavior of the
resistance depending on the temperature and magnetic field is quite
similar to that found in Er, ,Mo,Sg and Dy1.2M0688 by Ishikawa et

6" 8
39)

al . These facts suggest that some kind of magnetic order may

appear at 0.8 K and coexist with the superconductivity in low field.



TasLE 1

lines in Fig.21.

and low temperature region, respectively.

The activation energy AEL obtained from the tangential

AET and AE” are the energy in a high

*Only the

maximum value is estimated because of a rapid decrease

of the resistance below 10

X AE+'(“meV ) AE”™ ( meV )
1.2 9.5 + 0.1 0.05 + 0.01
1.0 3.7 + 0.1 0.03 + 0.01
0.8 2.6 + 0.1 < 0.05%
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The resistance below 10 K is strongly
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The electrical resistance for low Eu concentrations ( x < 0.6
decreases monotonically with decreasing temperature and becomes
superconducting at Tc' Tc is determined from the midpoint of the
transition. The concentration dependence of Tc and Ts are shown in
Fig.,22. Ts is strongly suppressed by substituting Pb for Eu. The
extrapolated Ts(x) curve shows that the structural transformation
disappears at x = 0.7 and the rhombohedral structure is stable in
a region 0 < x < 0.7. On the other hand, the superconducting
transition temperature Tc decreases abruptly for the concentrations
x > 0.6 and the superconductivity disappears at x = 0.82, as 1is
seen in Fig.22. Thus, in a narrow region 0.7 < x < 0.82 the super-
conductivity coexists with the transformed triclinic structure.

Tc(x) in a region 0 < x < 0.7 is compared with Maekawa-Tachiki
theory ( MT )22). As will be shown later, the present compounds
have antiferromagnetic exchange interaction between the nearest-
neighbor Eu spins. So, we apply the relation ( MT-4.10, refer 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 0.3, respectively, as in their paper. The exchange inter-

action parameter J', which is defined by J' = 3/4-S(S+1)J with the
nearest-neighbor exchange interaction J, is taken as J' = -0.13 K.
J is obtained from the observed Currie-Weiss constant of 0 = -0.4

K. Exchange interaction parameter IZN(O) between the conduction

electrons and Eu spins and superconducting transition temperature

T without magnetic ions are adjusted so as to get a best fit with

c0
the observed Tc(x). The fitting is mainly done in the region x

0.4 v 0.6 because their theory is gquantitatively applicable to
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FIG.22 Eu concentration dependence of superconducting transition
temperature Tc and structural transformation temperature TS.
A broken line is the theoretical curve of TC(X) .
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high x. The equations used in the calculation of Tc(x) are shown
in APPENDIX. Obtained values are given as

I°N(0) = 3.0 x 1072 & ,

( 1-5)
T = 15 K .

c0
Theoretical curve of Tc(x) is drawn by a broken line in Fig.22
using these values. An abrupt decrease in Tc for x > 0.6 may be
attributed to the effect of structural transformation. For the
concentration x = 0.3 ~ 0.7, reentrant transition to the normal
state is expected at low temperatures from the theoretical curve
in Fig.22. However, no such a transition was observed in our

measurements down to 0.4 K,
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4.2. Upper Critical Field ch

An example of the magnetoresistance curve in the ch measure-
ments is shown in Fig.23 for the composition Pb0.8Eu0.4M0688 at
1.3 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 comes to the
normal value around 540 kOe. Fig.24 shows magnetoresistance curves
for PbOoBEuO.4MO6S8 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. The observed transitions are rather broader than that
expected from the anisotropic ch which is about 20 % in PbMo6S8.
We find that the transition width is proportional to the transition
field and the magnetoresistance curves are almost reduced to a
single curve by normalizing the field with a maximum critical field.
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 measurements. The first one was found by Decroux

et al.40) on a single crystal of PbMo688. According to them, the

H has a uniaxial symmetry expressed as

c2

(6) = H ( cosze + ezsinze )_l/2 , ( 1-6 )

c2 c2”

where ch” is the critical field parallel to the ternary axis, € =

~

chﬂ/HC2L = 0,843 and 8 being the angle between the ternary axis
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F16,25 (a) Assumed transition curve of single crystal. h

means ch(e)/HC2L' (b) Powder average of the transition
curve as a parameter of Ah, which is drawn with dashed

line. A solid line is the experimental curve shown in
Fig.24.
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and H. The effect of crystal imperfection on ch is phenomeno-
logically taken into account by introducing a broadening parameter

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. h, means the reduced critical field, h, = ch(e)/chL
and f(h,hc) is an assumed function of the reduced magnetoresistance

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

curve 1is calculated using the relation ( 1-6 ) and Ah as follows:
- i -
F(h) = [_ £(h,h )P(h )dh, ( 1-7 )
where P(hc) = |dcose/dhcl is the probability 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 = 0.1 ~v 0.2, which is in agreement with
the observed width in single crystal40).

Deviation from the theoretical curve found in the low field
region may be attributed to the dynamical effect such as flux-flow
resistance. In fact, the low field part of the curve depends on
the experimental conditions such as the electrical current density
and the geometrical arrangement between the field and current
direction. The magnetoresistance curves for both configurations,
the applied field parallel (H,) and perpendicular (H;) to the
currents are checked for LaMo6S8 with Tc = 5.6 K. As is shown in

Fig.26 the magnetoresistance curves in a high field region are
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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
flux-flow as in general texts of superconductivity4l). The effect
of Hc3' which is important for a single crystal with clean surfaces,

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

most reliable data for the HC2 could be obtained by defining the

field indicated by an arrow in Fig.23 and Fig.25 as Hc; ). Thus,
our defined ch means a " maximum critical field " in the anisotropic

ch as is seen in Fig,25.

The obtained results on the temperature dependence of ch are
summarized in Fig.27(a) to (d) for the Eu concentrations x = 0.2,
0.4, 0.5 and 0.6, respectively, together with that for x = 0 which
was obtained in our group six years agos). They show a positive
curvature: near Tc they increase slowly with decreasing temperature
but steeply increaée at low temperatures. In particular, the ch
for the composition x = 0.5 exceeds that of x = 0 at 3.5 K and
becomes HCZ(O) v 630 kOe at 0 K. These particular dependence of ch
on the temperature and the concentration of magnetic ions are
attributed to the effect of magnetic ions with the antiferromagnetic
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-5.18, see APPENDIX ) for the case with a general
value of spin-orbit scattering parameter Aso' The following para-
meters, IZN(O)/TCO, [J'[/Tco, I/TCO, A and o, where o is non-

SO

magnetic scattering parameter which is proportional to inverse of
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initial slope of ch, are adjusted so as to obtain a good fitting
with the experimental HCZ(T) curve by using a mini-computer ECLIPSE
S/20. The relations used in the calculation of ch are shown in
APPENDIX. The calculated curves are shown in Figs.27(a) to (d4) by

a broken line, which is normalized at Tc’ and the adjusted parameters
are listed in Table 2. Better fit is obtained in higher Eu concent-
rations. It is consistent with the theoretical treatment that the
inelastic scattering of conduction electrons with the interacting
magnetic spin system plays an important role and the effect of
isolated spins is neglected. The exchange interaction, I, between
the conduction electrons and magnetic spins is obtained by Eqg.( 1-5 )

and the value in Table 2 as
I =-3.2 + 0.6 meV . ( 1-8 )

Here, it is noted that the exchange interaction, I, 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 peculiar behavior of HCZ(T) is mainly
attributed to the compensation of the external field by the ex-
change field acting on the conduction electron spins. The spin-
orbit scattering parameter Xso decreases with decreasing the Pb
content and it suggests that Pb atoms are effective to the spin-
orbit scattering of the conduction electrons. The parameter o
has a minimum value at x = 0.5, 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.



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

in Fig.27(a) ~ (d) for Pb

re defi A
are ined as so

T
SO

spin~flip scattering, respectively.

1.2-

= (BWTcoTso

xEuxMOGSS’

-1 _ 2
) and a = et vy /TCo where

The parameters

and T, are the relaxation time for spin-flip and non-

X | IZN(O)/Tco |J’|/Tco /T, Aq @ [1/k0e]
s.j - 3.0 10 4.64 x 1073
0:5 250 x 1073 8.88x 107 20 ° 435 x 107
0 - 2.5 5 4.00 x 1073

- 2.0 4.5 4.32 x 1073

- 60 -~



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 HCZ(T)'
Anyway, the main part of the present results could be explained
by the MT theory.

The magnetoresistance curve for Pb0.4EuO.8M°6SB is shown in
Fig.28 as a parameter of temperature. The transition between
superconducting and normal state due to magnetic field is con-
siderably broad. The resistance increases monotonically with in-
creasing field 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 remains. In the case it is

difficult to determine the H So, the magnetic field at which

5+
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 HC T) obtained in this way has a broad peak

2(
around 1.3 K and decreases with decreasing temperature. Magneto-
resistance of PbO.4EuO.8MO6SS was measured up to 400 kOe at 1.3 K
with expectation of the field-induced superconductivity which is
reported by several groups in EuXSnl_XM0688 with x 0.842). 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 magneto-
resistance which is reduced by the resistance at 300 K is almost

coincident with the peak value of the temperature dependent re-

sistance as is shown in Fig.2l1. Anyway, no reentrant transition
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from normal to superconducting state was found at the present
time. High field magnetoresistance measurement below 1 K is

required.



4.3. Magnetic Properties of Eul 2M0688

Magnetic susceptibility of Eu; ,Mo.Sg and Pb0 4Bug gMocSg
follows the Curie-Weiss law Xg = C/(T-0) with C = 5.88 x 10—3 and

3 cm3K/g and 0@ = =0.4 and -0.1 K, respectively down to

3.88 x 10~
1.4 K as shown in Fig.31(a) and (b). From the Curie constant the
effective magnetic moment is estimated to be Magg = 6.3 uB/Eu for
both compositions x = 0.8 and 1.2, which is about 80 % of Eu2+
value. The result suggests that about 20 % of Eu3+ is mixed in

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

3+

The contribution of the corresponding amount of Eu 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™ 1 above the
ground state. Therefore, Eu3+ gives negligible contribution to
the susceptibility.

The magnetization process of EuMo6S8 is measured in the field
up to 300 kOe at 0.6 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 + 0.3 Mg

This is consistent with a spin 7/2 paramagnetic behavior of Eu2+
. . . + .
ions assuming the presence of 20 % non magnetic ( J = 0 ) 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 -0.13 K which is
determined from the Curie-Weiss constant of © = -0.4 K. The Van
Vleck contribution of the J = 1 first excited state of Eu3+ represents

only a 3 &~ 4 ¢ 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 longitudal magnetoresistance is measured up to 300 kOe as
is shown in Fig.33. The resistance is strongly suppressed by the
field up to 100 kOe in accord with the results by Thompson et al.44)
while it is almost 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 temperature
dependent magnetoresistance. It is noted that the magnetic order
arises at 0.3 K which is infered from the peak of ac-susceptibility
by Willis et al%s) and the spin fluctuation will be enhanced

around the temperature.
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§ 5, CONCLUDING REMARKS

The results of the ch measurements in the Pbl.Z—XEuxMOGSS
compounds for x < 0.6 are successfully explained by the MT theory
with the antiferromagnetic exchange couplihg of -3.2 + 0.6 meV
between the conduction electrons and Eu-spins. Particularly, the
H,,(0) for x = 0.5 is found to be 630 kOe which is higher than that
of Pb1.2M°6SB’ This concentration appears to be the most favourable
for the compensation of applied field by the negative exchange field
and to enhance the ch.

For Eu rich compounds, on the other hand, the structural
transformation is observed around 100 K. The resistance anomaly
below 100 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.2M0688 shows free-spin paramagnetic behavior characteristic
of the S = 7/2 ground state of Eu2+ with a small Van Vleck contribu-

. 3+ . . . .
tion from 20 % Eu ions. A large negative magnetoresistance 1is

found near the magnetic ordering temperature Tm’ This fact indicates

that the spin fluctuation effect is large in these compounds. It is
46)
noted that these behaviors are gquite similar to those found in SmB
47)
or YbBlz'



APPENDIX -- CALCULATION OF Tc AND Hc BY MT THEORY --

2

In this section, the calculation of T, and H., by applying
the Maekawa and Tachiki theory is reviewed.

According to their theory, Tc is given by the relation ( MT-
4,10 ) in antiferromagnetic case with nearest-neighbor exchange

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

2¢'S (S+1) TN (0) 8

T, = 1.14w_exp[-1/(g,~N(0) - )1,
¢ D BCS 2—%2'(l—exp(ZBc|J'|))
( A-1)
with
J' = 4/3+85(S+1)J ,
c' = c[l - (1-0)?) ,
( A=-2 )
z' =1+ (z=1)c' ,
Bc = l/Tc ’

where w_, is the phonon Debye energy,

D the BCS interaction,

9BCS
N(0) the density of states at the Fermi level in the normal state,
¢ the magnetic-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 local spins.

Superconducting transition temperature TcO without magnetic ions

is given by

Too = l.l4wDexp[—l/gBCSN(O)] . ( A=3)
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Now, we can calculate the concentration dependence of Tc by using
the relations and parameters given in the text.

In the temperature dependence of ch, we use the equation
( MT-5.18 ) for the case with a general value of spin-orbit scat-

tering parameter Aso as follows:

b
T 1 S 1
Inp—my— + 31 (3 + =g V(5 + o))
c0 (bS -Ig )
bs" . .
+ (1 - Jp(=+ p,) 1 = ¥(=) =0,
(b 2_I 2)1/2 2 + 2
S s
( A-4 )
with
L )
b = (3TSO) ’
IS = oh ,
_ 2 . 2,1/2
p, = (1/2nT)[an (bS Is) 1.,
—_— . 2
ag = bs + 1/3 eTyVp B , \
xso = l/BTrTCOTSO , / ( A-5 )
_ 2
o = eT,vg /Tco R
B =H + 4mM ,
g =+ or - ,
h = —uBB + Ic<SZ> , -)

where Aso is the spin-orbit coupling parameter, a the non-magnetic
scattering parameter, B the magnetic induction, Ug the Bohr magneton
and <§,> being the local spin polarization induced by the field.

The magnetization M is neglected in the calculation. <S> is
assumed to be Brillouin function with S = 7/2. ¢(x) is the digamma

function. TCO(H) is given by



T o (H) = 1.l4v expl-1/g_  (HN(O)] . ( A=6 )

cO

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

magnetic case as follows®

2 SzBé(BSa) 2SBS(BSa)
JersM) = dpeg ~ Trcl ) + 1,
T - 2c¢J,S"B' (BSa) a - 2cJ,.SB _(BSa)
0 S 0" s
( a-7 )
where Bs(x) is the Brillouin function, Bé(x) = (d/dx)BS(X) and
Iy is given from Curie Weiss temperature 0 [ 0 = -23-S(S+1)J0 I.
a is given by
a = -g'pu,H + 2cJ <8 _»>
B 0 vz ! ( A-8 )

- -
g' = g5/(g5-1) ,
where g is Landé g factor.

Now, we can calculate the temperature dependence of HC2 by using

the relations and parameters given in the text.

- 76 -



1)

2)

3)

4)

5)

6)

7)

8)

9)

10)

1)

12)

13)

14)

REFERENCES

For instance, J.Muller: Rep. Prog. Phys. 43 (1980) 641.
¢.Fischer: Appl. Phys. 16 (1978) 1.

S.Foner, E.J.McNiff Jr. and E.J.Alexander: Phys. Lett. 49A
(1974) 269.

¢.Fischer, H.Jones, G.Bongi, M.Sergent and R.Chevrel: J. Phys.
C (Solid state Phys.) 7 (1974) L450.

K.Okuda, M.Kitagawa, T.Sakakibara and M.Date: J. Phys. Soc.
Jpn. 48 (1980) 2157.

C.Rossel and ¢.Fischer: J., Phys. F (Met. Phys.) 14 (1984) 455.
E.Cruceanu and L.Miu: "Proceedings of the LT-17" eds. V.Eckern,
A.Schmid, W.Weber and H.Wihl (North-Holland, Amsterdam, Oxford,
New York, Tokyo, 1984) p.351.

K.Hamasaki, K.Hirata, T.Yamashita, T.Komata, K.Noto and K.
Watanabe: IEEE Trans. on Mag.MAG-21 (1985) 471.

K.Okuda, S.Noguchi, T.Masuda, T.Miyatake and M.Ogawa: to be
published.

D.St.James, G.Sarma and E.J.Thomas: "Type II Superconductivity"
(Pergamon Press, 1969) p.46.

A.M.Clogston: Phys. Rev. Lett. 9 (1962) 266; B.S.Chandrasekhar:
Appl. Phys. Lett. 1 (1962) 7.

N.R.Werthamer, E.Helfand and P.C.Hohenberg: Phys. Rev. 147
(1966) 295.

T.P.Orland and M.R.Beasley: Phys. Rev. Lett. 46 (1981) 1598,
R.Chevrel, M.Sergent and J.Prigent: J. Solid State Chem. 3

(1971) 515.

- 77 -



15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

B.T.Matthias, M.Marezio, E.Corenzwit, A.S.Cooper and H.E.Bartz:
Science 175 (1972) 1465.

¢.Fischer, A.Treyvaud, R.Chevrel and M.Sergent: Solid State
Comm. 17 (1975) 721.

W.A.Fertig, D.C.Johnston, L.E.DelLong, R.W.McCallum, M.B.Maple
and B.T.Matthias: Phys. Rev. Lett. 38 (1977) 987.

"Ternary Superconductors" eds. G.K.Shenoy, B.D.Dunlap and F.Y.
Fradin (North-Holland, New York, Amsterdam, Oxford, 1981).
V.Jaccarino and M.Peter: Phys. Rev. Lett. 9 (1962) 290.
F.Y.Fradin, G.K.Shenoy, B.D.Dunlap, A.T.Aldred and C.W.Kimball:
Phys. Rev. Lett. 38 (1977) 719.

T.Jarlborg and A.J.Freeman: J. Magn. Magn. Mat. 27 (1982) 135.
S.Maekawa and M.Tachiki: Phys. Rev. B18 (1978) 4688.

K.Okuda, S.Nogﬁchi, M.Honda, K.Sugiyama and M.Date: "High Field
Magnetism" ed. M.Date (North-Holland Amsterdam NewYork Oxford,
1983) p.1l43.

¢.Fischer, M.Decroux, S.Roth, R.Chevrel and M.Sergent: J. Phys.

' C8 (1975) L474.

M.Date, M.Motokawa, K.Okuda, H.Hori and T.Sakakibara: "Physics
in High Magnetic Fields" eds. S.Chikazumi and M.Miura (Springer-
Verlag Berlin Heidelberg New York, 1981) p.44.

A.Yamagishi and M.Date: “High‘Field Magnetism" ed. M.Date
(North-Holland Amsterdam New York Oxford, 1983) p.289.

K.Okuda, S.Noguchi, K.Sugiyama and M.Date: J. Magn. Magn. Mat.

" 31-34 (1984) 517.

K.Okuda, S.Noguchi, M.,Honda and M.Date: J. Phys. Soc. Jpn.

54 (1985) 1560,

- 78 -



29)
30)

31)

32)

33)

34)

35)

36)

37)

38)

39)

40)

41)

42)

K.Okuda and M.Date: J. Phys. Soc. Jpn. 27 (1969) 839,
S;Kuroda, M.Motokawa and M.Date: J. Phys. Soc. Jpn. 44 (1978)
1797.

"Report on Research & Development in High Magnetic Field
Laboratory Faculty of Osaka University" ed. M.Date No.l

(1979) p.20.

K.Okuda and M.Date: J. Phys. Soc. Jpn. 50 (1981) 3827.
T.Sakakibara: Thesis, Osaka University, 1983.

M.Motokawa: J. Phys. Soc. Jpn. 44 (1978) 1804.

T.Yosida: "High Field Magnetism" ed. M.Date (North-Holland
Amsterdam New York Oxford, 1983) p.289.

M.B.Maple, L.E.Delong, W.A.Fertig, D.C.Johnston, R.W McCallum
and R.N.Shelton: "Valence Instabilities and Related Narrow-
band Phenomena” ed. R.D.Parks (New York Plenum 1977) p.1l7.
R.Bailif, A.Dunand, J.Muller and K.Yvon: Phys. Rev.Lett.

47 (1981) 672.

D.W.Harrison, K.C.Lim, J.D.Thompson, C.Y.Huang, P.D.Hambourger
and H.L.Luo: Phys. Rev. Lett. 46 (1981) 280.

M.Ishikawa and ¢.Fischer: Solid State Comm. 24 (1977) 747.
M.Decroux, ¢.Fischer, R.Flikiger, B.Seeber, R.Delesclafs and
M.Sergent: Solid State Comm. 25 (1978) 393.

R.D.Parks: "Superconductivity" (Macel Dekker Inc. New York,
1969) Vvol.2, p.1114, 1122; D.Saint-James, G.Sarma and E.J.
Thomas: "Type II Superconductivity" (Pergamon Press, 1970) p.231.
M.Isino, N.Kobayashi, Y.Muto: "Ternary Superconductors" eds.
G.K.Shenoy, B.D.Dunlap and F.Y.Fradin (North-holland New York

Amsterdam Oxford, 1981) p.95; H.W.Meul, C.Rossel, M.Decroux,



43)

44)

45)

46)

47)

¢.Fischer, G.Remenyi and A.Briggs: Phys. Rev. Lett. 53 (1984)
497,

B.D.Dunlap, G.K.Shenoy, F;Y.Fradin, C.D.Barnet and C.W.Kimball:
J. Magn. Magn. Mat. 13 (1979) 319.

J.D.Thompson, M.P.Maley, C.Y.Huang, J.0.Willis, J.L.Smith and
H.L.Luo: J. Low Temp. Phys. 43 (1981) 243,

J.0.Willis, J.D.Thompson, C.Y.Huang and H.L.Luo: J. Appl. Phys.
52 (1981) 2174.

T.Kasuya, M.Kasaya, K.Takegahara, T.Fujita, T.Goto, A.Tamaki,
M.Takigawa and H.Yasuoka: J.Magn. Magn. Mat. 31-34 (1983) 447.

M.Kasaya, F.Iga, K.Negishi, S.Nakai and T.Kasuya: J. Magn. Magn.

Mat. 31-34 (1983) 437.

- 80 -



PART II

Mo _S

VALENCE OF Ce AND KONDO EFFECT IN CeXLa 658

1-x%

ABSTRACT

Valence of Ce and Kondo effect in the Chevrel compound Cex—
Lal—xMOGS8 was investigated by XPS, X-ray diffraction, electrical
resistance, magnetoresistance and magnetic susceptibility measure-
ments in a temperature range down to 0.4 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 CelMo show strong peaks with the initial state

658
3+ 4+ . . .
of Ce and no peaks due to Ce . 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 = 0.01 ~ 0.001,
where TK and TcO

transition temperature without magnetic ions, being TcO ~ 6 K, res-

are the Kondo temperature and the superconducting

pectively. The magnetic susceptibility per mole 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 10 K and
400 K in CeMo688ﬂis proposed. A large negative magnetoresistance was

found below 10 K for CeMo, Sg, which shows log H dependence below 1.2

6

K. Magnetic and superconducting phase diagram of CeXLal_xMo6S8 was

determined.
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§ 1. INTRODUCTION

Rare earth compounds are important magnets as well as transition

metal compounds. So far, 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 peculiar behavior on magnetic or transport properties associated

1)
with the valence fluctuation and Kondo effect.

Cerium Chevrel compound CeMo6S8 is known to be exceptionally
lack of superconductivity among the rare earth Chevrel compounds
REM0658 which are all superconducting and coexist with antiferro-

2)

magnetic ordering at low temperatures®’. The electronic energy

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

density of states ( DOS ) at E

DOS at RE site3). The specific heat of CeMo6S8 was measured by

F and the low conduction electron

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 v, y = 100 mJ/mole-Kz, which is estimated from their
data in a temperature region from 4.5 to 8 K. Temperature depend-
ence of the magnetization was measured for CeM0688 under several
magnetic fields from 0.64 to 7.8 kOe by Pelizzone et. al.s), which
is shown in Fig.2. Their results show that the magnetization for
the fields below about 3 kOe has a weak maximum 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 Ty =~ 2.4 K and the critical field to the paramagnetic
state is about 4 kOe.

The magnetic ordering temperature Tm and superconducting trans-
ition temperature T, for REXM06Se8 and REXM0688 compounds are summa-
rized for RE constituent in Fig.3. The dashed lines are linear
interpolations between the superconducting transition temperatures
of the nonmagnetic endmember La and Lu molybdenum selenide and
sulfide compounds which represent a first approximation to the
transition températures of 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 ATC in
Fig.3. Here it can be seen that the systematic variation of ATC
with RE can be described qualitatively by the deGennes factor
(g—l)zJ(J+l) ( represented by the solid lines in Fig.3 ) where g
is the Landé 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 o« nN(O)Jz(g-l)ZJ(J+l), where N(0) 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
eleétrons and the RE ions, which is small, i.e., J ~ 0.01 eV in the
compounds. CeMoGS8 does not follow the general trends exhibited

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

ordering temperatures of the compounds. The Tm 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 CeM0688 is higher away from the systematic variation.

In the present work, to investigate these problems in CeM0688,
a systematic study of XPS, X-ray diffraction, electrical resistance,

magnetoresistance and magnetic susceptibility measurements was done

7-10)

in the system Ce La;_  Mo,Sg. The results on the valence of

Ce in CeMoGS8 are given in Section 3. The superconducting pro-

perties of CexLal—xMo6SS with x < 0.14 and the magnetic properties

of CexLal_XM

respectively.

0688 with x > 0.2 are discussed in Section 4 and 5,



§ 2. EXPERIMENTAL

Samples of CexLal—xMOCSS were prepared by sintering from
Ce283' La283, 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)Cl3 and H,S at 1000 °C for 2 hours,

2
where RE = Ce or La. The sulfides Mosz, Ce253 and La,S., were

273
heated to dehydrate at 200 °C for 24 hours with pumping. Mo powder
was deoxidized under a flow of hydrogen gas at 1000 °C for 10 hours.
Appropriate amounts of these powders were well ground together,
pressed into tablets of 10 mmD x 1 mmT and reacted at 1350 °C for
3 hours under an argon atmosphere of 40 kg/cm2 in a high pressure
furnace after preheating at 400 °C for 24 hours. Subsequently, they
were crushed, reground, pressed again into tablets and annealed at
1350 °C. 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—xMOGSB crystallize in a hexagonal rhombo-
hedral unit cell. The lattice constant a_ and the angle a in the
rhombohedral unit cell were determined by a standard X-ray dif-
fraction method at room temperature. The angle cf the powder dif-
fraction pattern is calibrated by a standard sample of Si.

XPS measurements were done on the compound CeM0688 at room

temperature by using a standard photoelectron spectrometer ( SHIMAZU



Fig, U, Sample Preparation Procedure of CexLal—xMOGS8

1)

2)

3)

4)

5)
6)
7)

LaCl3-nH20 —_— LaCl3 + nHZO

CeCl3-nH20-———> CeCl3 + nHzO) at 200 °C for 2 hours
1
2LaCl3 + BHZS—“—--ﬁLaZS3 + 6HC1
4

2CeCl3 + 3H28_3Ce253 + 6HC1> at 1000 °C for 1.5 hours
MOSZ, Ce283, La253 : dehydrated at 200 °C for 24 hours
Mo : deoxidized at 1000 °C for 10 hours with H2 gas

0.5xCe..S

255 + 0.5(1—X)La283 + 3.25MoSs

5 + 2.75Mo

mixed powder is pressed into tablet at 10 t/cm2
————>CexLal_xMo688
sintered at 400 °C for 24 hours and 1350 °C
for 3 hours at 40 kg/cm2 Ar gas atmosphere
CexLal-xMOGSB : X-ray check
Annealed at 1350 °C for 3 hours at 40 kg/cm2 Ar gas

CexLal-—xMOGSS : X-ray check and EPMA analysis



ESCA 750 ) with the Mg-Ka 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 1 mm from 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 15 uA accelerated with
2 kV during 5 minutes under argon atmosphere of 10_'6 Torr. After
that, the chamber was evacuated below 10—8 Torr by turbo molecular
pump and spectra of XPS were obtained. Excited voltage of Mg-Ka
and emission current were 8 kV and 30 mA, respectively. The
measurements were done automatically by connecting the micro-
computer where the data were processed and stored. The binding

level

energy of the XPS spectra was calibrated with the Au 4f7/2

( 83.8 eV ).

Superconducting transition temperature TC was determined by
using conventional four probe dc electrical resistance method down
to 0.4 K by 3He refrigerator. The upper critical magnetic field
HC2 was measured by the magnetoresistance method. Temperature
dependence of the magnetic susceptibility was measured 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

systems are mentioned at Section 3 in PART 1I.
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§ 3. VALENCE OF Ce IN CeMO6S8

Valence of Ce in the Chevrel compound CeMo6S8 was investigated
by lattice constant and XPS measurements at room temperature.7)

The lattice constant a. and the angle a 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—xMOGSB' The lattice constant ar decreases linearly
with increasing Ce concentration as in Fig.6(a), following the

1)

Vegard's lawl in a whole concentration region of Ce within our
experimental errors. The concentration dependence of ar(x) is

given by a following experimental formula

ar(x) = ( 6.521 - 0.014-x ) + 0.001 g , ( 2-1)
where x is the Ce concentration. The angle o has almost constant
value of ( 88.77 + 0.02 )° as shown in Fig.6(b).

Fig.7 shows the Ce 3d XPS spectrum in CeMo6S8. Two strong
peaks with binding energies 904.5 and 885.9 eV are assigned to the
3d,,, and 3d, ,, transitions with a 4t final state of ce>', labelled
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 satellites with a 4f2 final state of Ce3+, labelled by
Ce3+(4f2) in Fig.7. The peak associated with Ce4+(4fo) expected

near 915 eV12’13)

does not appear above the noise level which is
about 1.7 % of the peak intensity of Ce3+. Fig.8 shows the Ce 4d

XPS spectrum in CeMO6S8' A single broad peak is found near 111.9
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eV. The peaks due to 4d3/2 and 4d5/2 are poorly resolved due to
multiplet effects and the peak due to Ce4+(4f0), which might be

appeared around 120 evlz)

if Ce4+ is mixed, is not found above the
noise level. If we assume that the relative intensity of the peaks
due to Ce4+ and Ce3+ ions is proportional to the mixing ratio of
these states in the sample, the amplitude of Ce4+ state must be
less than 2 %, The results are summarized in Table 1.

From the experimental results that the concentration dependence
of lattice constant ar(x) in CexLal—xMOGSB follows the Vegard's
law and the relative intensity of the XPS peaks I(Ce4+)/I(Ce3+) is
less than 2 %, it is concluded that CeMo.S is not a mixed valence

678
compound and the valence of Ce is trivalent.



TasLe 1 Binding Energies for CeMogSq
B. E. (eV) B. E.(eV)
3d3/2 3ds2 Dgo(3d)| 4dy, | 4dgy
3| (4t 904.5 885.9 18,6 |
Ce , 1.9
(412) | 9013 882.6 18,7
Ce"| (469 | —— —
Ce'/Ced = L(af) < 1.7 %%
(44 412) ~




§ 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—xMo6S8 as shown in Fig.9.

In the figure the Tc is reduced by that of LaMo6S8 TCO = 5.6 K.

The vertical bar of experimental points means the transition width
from 10 % to 90 % of the transition curve. When the concentration

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

of —(ch/dx)X=O = 0.2 K/at.%Ce. It is rather small compared with

the case of Ce impurities in Lal_yThyl4) where the valence of Ce

is strongly fluctuated; for instance, Ce ions on the La-rich side

is magnetic and non-magnetic on Th-rich side, and the initial decrease
is 1 v 6 K/at.%Ce 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 = 0.14 as shown in the
figure. The transition curve of electrical resistance for the
sample with x = 0.14 is shown in Fig.1l0. It shows a gradual decrease,

leaving a small trace of residual resistance at 0.4 K with decreasing
temperature. So, the critical concentration for the break of super-
conductivity is likely to be X, = 0.14.

The upper critical field H,, was also measured as a function
of temperature for the compositions with 0 < x < 0.13. The H,, is
defined by the field of midpoint of the resistive transition. The
results are shown in Fig.ll. The HCZ(T) of non-magnetic supercon-

15)

ductor LaMo 88 is well explained by the universal curve determined

6
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by the following relation

In(l/t) = ¢(1/2 + h/2t) - ¥v(1/2) , (2=-2)

where t = T/Tc’ h = 0.281-HC2(T)/Hc2(O) and Y (z) is the digamma

function. On the other hand, the Hc (T) curves for the composi-

2
tions with x = 0.12 and 0.13 show a broad maximum near 1.2 K. It
suggests a characteristic behavior of the Kondo effect for the
case with small TK/TcO and relatively high concentration of Kondo
impurities.l6)
To check the magnetic state of Ce impurity in the compounds,
as usually done, we plot the initial slope of HC2(T) curve, (dHC2

/dT)

o as a function of Tc in Fig.1l2, where both the initial slope
and TZ are reduced by those of LaMo688. Here we apply the theory
of Kondo effect in superconductivity given by Matsuura-Ichinose-
Nagaoka ( hereafter we call the theory as MIN )16). In the figure
the calculated curves by the MIN theory are given by solid lines
as a parameter of TK/TCO ( see APPENDIX I ), together with the
curve of broken line calculated by the AG theoryG). For TK/TCO > 1
the initial slope increases abruptly with decreasing the TC in low
temperature. In the case of TK/TcO < 1, on the other hand, it
decreases monotonocally with decreasing the Tc and the curve be-
comes close to AG curve with approaching TK/TCO = 0. For TK/TCO

~v 1, the curves obtained by numerical calculations are unstable in
the low temperature region, so they are not shown in the figure.

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

tribute over the MIN curves with the value of parameter TK/TCO =
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0.001 ~ 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 Tc(x) are shown in APPENDIX I. In the case
we have two adjustable parameters TK/TCO and N(0), N(0) being the
density of state per atom. For the value of TK/Tc0 we use the
range TK/TCO = 0.001 v 1 obtained from the above discussion on the
relation (dch/dT)T versus Tc. Best fitting curves of Tc(x) are
calculated for the zypical values of T /T_, = 10_3, 10_2, lO_l,
0.5 and 1 in the range by adjusting the density of state N(0).
The results are shown in Fig.1l3 together with the experimental
data. Five theoretical curves; A, B, C, D and E in the figure
have the value of N(0) = 0.53, 1.00, 2.20, 3.95 and 4.90 per (eV-
atom) for T,/T_, = 10_3, 10—2, 10'1, 0.5 and 1, respectively.
They show a good fitting with experimental data except for lower
temperature region. Considering the most realistic range of the

17)

N(0) in the Chevrel compounds as 0.2 < N(0) < 1, the most rea-

sonable value of the Kondo temperature is estimated to be TK/TCO

= 0.001 ~ 0.01 with TCO ~ 6 K from the superconducting data in
Ce La,_ Mo Sg. A broad transition and a small trace of residual
resistance at 0.4 K for the concentration x = 0.14 as shown in

Fig.1l0 may reflect the reenter to normal state from the supercon-
ducting state at low temperature, as expected from the theoretical

curves B and C in Fig.13.
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§ 4, MAGNETIC PROPERTIES

High field magnetization was measured for CeM0688 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
above 200 kOe at 1.3 K, Xp£? is 1.07 x 10_5 emu/g. Dashed line
shows the magnetization due to the high field susceptibility at 1.3
K. By subtracting the dashed line from the magnetization 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 magnetic susceptibility was
measured for five samples with different concentrations of Ce
x =1.0, 0.8, 0.5, 0.3 and 0 in CexLal—xMo6S8‘ To extract the
contribution of Ce impurity, the magnetic susceptibility of LaMo6 g7
which has an almost constant value of 2.6 x 10_4 emu/mole and a
small increase at low temperatures due to magnetic impurities, was
subtracted from the data. In Fig.l1l5 we present the temperature
dependence of the inverse magnetic 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-0) with C = 2.45 + 0.05 uB/Ce and © = -38 + 3 K. The

Curie constant is a little bit small for the value of free Ce3+,
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2.54 uB/Ce, and the Weiss constant is large compared to the TN =

2.5 K of CeMo_,S These facts suggest that the magnetic suscepti-

6°8°
bility is mainly determined by a single site character of Ce,
including the exchange interaction with conduction electrons.
In a first approximation, we tried to explain the results in
Fig.1l5 in terms of the cubic crystal field splitting and Kondo effect

18) which is shown in

by applying the DeGennaro and Borchi's equation
APPENDIX II. As a first step, we calculated only the effect of
crystal field splitting on the susceptibility. 1In Fig.l1l6 the curves
for the splitting A = [F7—F8[ = 1000, 500 and 200 K with F7 ground
state and F8 ground state are given by A, B, C and a, b, c, respect-
ively. As seen in the figure, two cases are clearly discriminated
on the temperature dependence at low temperatures: the susceptibility
for F7 ground state steeply increases at low.temperature 5ompared
with that for F8 ground state. The case of A = 0 is given by a
linear line O which follows the Curie law with Curie constant C =
N(guB)zJ(J+l)/3kB = 0.0804. Experimental data of CeMo6S8 are also
plotted by dotted circles. It is found that their temperature
dependence belong to the group with F8 ground state.

Thus, on taking account of the combined effect of Kondo and
crystal field splitting, we choose a best value of A with F8 ground
state to fit with experimental data. Kondo temperature TK is taken

to be in the range T, = 0.01 ~ 0.1 K as is estimated in the preceding

K
section of superconductivity in CexLal—XMOGSS' Within those limit-

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

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

fitting curves are shown in Fig.l7(a), (b) and (c) for the set of
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parameters (TK, A, D) to be (0.01K, 450K, 15000K), (0.05K, 400K,
8000K) and (0.1K, 380K, 4500K), respectively, though it is difficult
to obtain a unique set of parameters for the theory having three
adjustable parameters. From this fitting procedure, it is suggested
that the most probable value of crystal field splitting A is about
400 K with F8 ground state and the value of band width is D = 4500 ~
15000 K.

On the other hand, temperature dependence of 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 from Ty 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 near 7 K with iﬂcreasing
temperature suggests that the first excited doublet exists about 10 K
above the ground doublet.* Hence, considering the preceding discuss-
ion of magnetic susceptibility, we finaly propose the scheme of
crystal field splitting in the compound CeM0688 as shown in Fig.l1l9.
Two lower lying doublets separated by about 10 K give the effective
contribution to the magnetic susceptibility at lower temperatures.

In a first approximation, however, the preceding analysis as the
quartet ground state is effective at high temperatures above 10 K.

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

ure in the compound CeMo6 g

* The value 10 K is only a speculation because the specific heat

above 8 K is not measured.
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A typical example of temperature dependence of the electrical
resistance for the system Ce La; Mo Sg 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 minimum around 14 K, showing the peak
at 2.5 K, 1.9 XK and 1.4 K for x = 1.0, 0.7 and 0.5, respectively,
and then followed by a decrease with decreasing temperature. The
resistance minimum at 14 K is thought to be due to the Kondo effect.

The peak temperature 2.5 XK of CeMo coincides with the antiferro-

658
magnetic ordering temperature4). Thus, assuming the temperature

of the resistance peak to be the antiferromagnetic ordering tempera-

N’ the concentration dependence of TN is obtained as shown

in Fig.21. TN decreases linearly with decreasing the concentration

in the region of x > 0.5. For the concentration x = 0.2, a clear

ture T

peak does not appear down to 0.5 K. The magnetic phase around x =
0.2 v 0.4 may be complicated. Detailed measurements 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 CeM0688 are
obtained as a parameter 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 temperature, showing a

small kink around 0.8 K. The resistance below 0.8 K shows T2—
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for x =
magnetic field H = 0 and 20 kOe,

ance 1is found below about 10 K.
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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 0.1 from the extra-
polation to zero temperature in the figure. The difference in the
resistance due to magnetic field, AR = ~-[R(0,T) - R(H,T)]/R(0,300),
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 0.8 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 fluctuation at the magnetic ordering as typically seen in

the weak ferromagnets such as MnSi.lg)

A clear logarithmic dependence of the magnetoresistance was
observed in the compound below 1.2 K as is shown in Fig.25.

The behavior of the magnetoresistance is qualitatively con-
sistent with the model based on the Kondo scattering at single site

20) and Beal-Monod et al.Zl). However, the quanti-

given by Zlatic
tative analysis is difficult at the present time. Concerning the
theoretical problems for the dense Kondo materials such as Ce-

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

it may be needed to accumulate a more detailed experimental data

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

We have presented the experimental results for Ce La;_,MOcSg;
lattice constant, XPS, Tc(x), Hoo (T), M(H), x(T) and R(H,T).

Concentration dependence of lattice constant ar(x)vin Ce La;_. -
MOGSs follows the Vegard's law. Relative intensity of the XPS
peaks I(Ce4+)/I(Ce3+) is less than 2 %. From these results it is
concluded that CeMo6S8 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_xMo6S8 ( x < 0.14 ) 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 =
0.001 ~ 0.01 with Too = 6 K.

Magnetization measurement for CeMoGS8 shows a rather small
saturation moment about 0.6 Mg and a large high field susceptibility
Xne 1l x lO“5 emu/g. Temperature dependence of the magnetic sus-—
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 crystal field splitting and Kondo effect,
which is consistent with the results from the superconducting .proper-
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

- 125 -



excited energy of 10 K and 400 K in CeM0658.

Concentration dependence of Ty is determined from the temperature
dependent resistance of CexLal—xMOGSB' A large negative magneto-
resistance is found below 10 K for the sample with high concentration
of cerium. Magnetoresistance of CeMo Sg is qualitatively explained
by the model based on the Kondo scattering at single site. However,

the guantitative analysis is difficult at the present time.
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APPENDIX I -- CALCULATION OF ’I’c AND Hc BY MIN THEORY --

2

According to their theory, T is given by

. (o, (T,m)1°
In(Too/T) = =0(Tesn) + g g T+ (n/4T, 019, (T, a) '
( A-11)
where
$(T,n) = 27T T [ -__iT—T -1y, ( A-12 )
w>0 w+no (w w
K
o (T,n) = 277 ¢ LW ( A-13 )
k' ©>0 wna (w) ’
f(w) = [ 1+ mlw| ]—2 ( A-14 )
aT '
K
1 m|w] 1,7|wl,2 m|wl
[ ) - 5 )71, : <1, -
T 4TK 2 4TK 4TK
a(w) = { A=15 )
1 (3/4) 12 ol o
2O (in(nlul/aT ) ? + (3/a)0* T Tk
w= (2m+1) T , (m= 0, *1, £2, *3, -+ )} , ( A-16 )

where TK and Tc0 denote the Kondo temperature and the transition
temperature of a superconductor with no magnetic impurities, res-
pectively, n the impurity concentration and p the density of state
of conduction electrons per atom per spin. These equations can be
calculated with two parameters; TK/TCO and K = n/(2ﬂ)2Tc0p.

The equation to determine the upper critical field ch can be

obtained by a slight modification of ( A-11 ); i.e. it is given by
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2
(8. (T ,H .,n)]
_ n 1 "c’'c2’
In(T_o/T,) = —%(TC,ch,n) + 7

0
KP 1 + (n/4TKp)%2(Tc,Hc2,n)

where ( A-17 )
_ 1 1 _
¥(T,H,n) = 27T % | N GRS =1, ( A-18 )
w>0
Kk
_ ' f(w) _
Bk(T,H,n) = 21T I e, ( a-19 )

w>0

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

nonmagnetic impurities. (dHCZ/dT)T is calculated by using the
c
equation near TC(H=O). (dch/dT)T and T, are combined through
c
the parameter n. Therefore, in (dch/dT)T versus T plot, N does

c
not appear explicitly as a parameter, but only TK/TcO appears.
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APPENDIX II -- CALCULATION OF x BY DeGennaro-Borchi EQUATION --

According to their theory, magnetic susceptibility is given by
the sum of two contribution; Xo and Xo+  Xg gives the crystal field
2)

contribution as obtained by Murao and Matsubara2 - Xy is the

term of the Kondo effect with the crystal field splitting.

Xg = (C/T)F(T) , ( A-21 )

-1 BA 1

F(T) = (4/7) (e”+2) 71 (1/12) (26+5eB%) +(8/3) (gm) "L(eBl1))

( A=22 )
where C = N(guB)ZJ(J+l)/3kB is the Curie constant, B = l/kBT and
A 1s an energy separation between a doublet and a quartet ( of

which the doublet is lower ).

Xy = (C/T) (2Tp) “In(k T/D) Y (T) ( Aa-23 )
11 g bl 1, B
e” " +2 e " +2
BA BA
x( 1216 + 9eoeBA‘2 - 480eBA+l + 220 ) 1,
e~ " +2 e” =1
( A-24 )
where T is the parameter of s-f exchange interaction; HSf = -T3.s.

p is the density of state. In order to determine T_, from 2Tp, the

o~1/2]Tp

K

usual formula TK =D is modified by considering the

influence of the crystal field on the Kondo effect as follows,
_ -1
¥ (Tg) = (2Tp) ’ ( A-25 )
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where

BA)—l

y(T)y = [ 15 + 192(1l+e + 7

x{[~25+96 (1+eP2) 1

+4e_BA]ln( kBZT2

Thus, we can calculate the magnetic susceptibility yx = X0 + Xy 7

with three parameters T D and A.

KI
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+70e-8A]lnkBT/D + [20+48 (1+e
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