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Interaction of the spin-flop phase and superconductivity in DyMo6S8 single crystals
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Single crystals of DyMo6S8 are studied by magnetization measurements performed in low magnetic fields
and at temperatures below the superconducting transition temperatureTc51.6 K. Effects have been found at
temperatures belowTN50.4 K, where superconductivity and antiferromagnetic order coexist. These effects
reflect the unusual vortex dynamics characterizing the quasistatic magnetization process. The two-stage flux
penetration is observed and interpreted as a result of the spin-flop phase developed in the superconducting
state. The superconducting coherence lengthj(0.1 K).500 Å and the Ginzburg-Landau parameter
k(0.1 K).2.5 have been estimated in the magnetic superconducting state through analysis of the magnetiza-
tion process. The significant reduction ofk, from 11 obtained just aboveTN to about 2.5 belowTN , demon-
strates the tendency of the compound to transform from a type-II to a type-I superconductor due to the
appearance of long-range magnetic order in the superconducting state.
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I. INTRODUCTION

Investigation of the interaction between magnetism a
superconductivity began about 40 years ago with theore
and experimental activities appearing simultaneously.1 The
huge interest in the coexistence of these competing eff
exploded in the late 1970s with the discovery of two famil
of magnetic superconductors, the rare-earth-based Che
phases and the rhodium borides.2 However, for almost two
decades the interest has been overshadowed by the
temperature superconductivity found in copper oxides. T
recent discovery of the presence of long-range magnetic
der and superconductivity in rare-earth nickel borocarbi
3–8 and Ru-based compounds9–14 has triggered a series o
experiments and inspired a return to the so-called coex
ence problem.

Among classic magnetic superconductors, the Che
phases have been studied most intensively.1,15,16These com-
pounds have been available mainly as polycrystalline m
rials. However, some interesting features can only be
served for single crystals. One such effect demonstrating
coexistence of and interaction between superconducti
and magnetism is the two-step decrease of the magnetiz
with increasing external field observed for the antiferrom
netic superconductor ErRh4B4.17 This anomaly was ex-
plained as a result of the metamagnetic transition in the v
tex core and, consequently, the increase of the vortex ene
The magnetic transition in the vortex core seems to crea
type of vortices with unique magnetic structure, as cons
ered in detail by Krzyszton.18,19 Under certain conditions
these vortices may be present in many types of antiferrom
netic superconductors, including the high-Tc cuprites.20 In
this paper, the two-step decrease of the magnetization du
the flux penetration process is presented for a single cry
of the Chevrel-phase-type compound DyMo6S8. Our results
confirm the universal character of the unusual behavior
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the vortices during the magnetization of the classic antif
romagnetic superconductors in fields close to the first crit
field HC1.

DyMo6S8 is a material with the superconducting trans
tion temperature ranging from 1.6 to 2.2 K for polycrysta
line samples.21–23The transition from the paramagnetic~PM!
to the antiferromagnetic~AFM! state occurs atTN50.4 K
and is reproducible for good quality samples,21,24 including
single crystals~this work!. The crystal structure of DyMo6S8
can be described as interconnected Mo6S8 units and Dy ions.
One such unit is a slightly deformed cube where S atoms
at the corners and Mo atoms~forming a slightly deformed
octahedron! are situated at the cube faces. The Mo6S8 units
are arranged in a simple rhombohedral lattice and the
ions are located in the center of the unit cell~are surrounded
by eight Mo6S8 units!, as in other Chevrel phases with rar
earth~RE! ions.29

Neutron scattering studies have confirmed the abo
mentionedTN and shown that AFM order is long range wit
a correlation length greater than 300 Å.25 The Dy ions form
a simple cubic sublattice~with a slight rhombohedral distor
tion! in which the observed magnetic structure consists
~100! planes with moments of 8.8mB alternately parallel and
antiparallel to the@111# direction ~the rhombohedral axis!.25

Neutron experiments performed atT50.2 K in an applied
magnetic field have demonstrated that ferromagnetic o
begins to develop atH5200 Oe,26 much below the super
conducting upper critical fieldHC251.2 kOe.21 Thus, ferro-
magnetism coexists with superconductivity in the same m
ner as antiferromagnetism. For an applied field parallel to
@111# direction ~the magnetic easy-axis direction!, as in our
experiment, the ferromagnetism is spin-flop type.27 In this
work, magnetization measurements were performed to d
onstrate the interaction between the spin-flop phase and
perconductivity and to study the unusual vortex dynamics
the magnetic state of the AFM superconductor DyMo6S8.
©2001 The American Physical Society20-1
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II. EXPERIMENTAL DETAILS

Single crystals were grown by slow cooling of a melt
charge containing a mixture of the DyMo6S8 and Dy2S3

powders. The purity of all materials used for the preparat
of the starting powders was better than 99.99%. First, D
Mo, and S, with nominal composition Dy1.07Mo6.3S8, were
heated at 1000 °C for 5 h in anevacuated quartz ampoule
obtain a Chevrel phase powder. This powder was presse
8 bars into a pellet and heat treated in an evacuated mo
denum ampoule for 24 h at 1350 °C. The only impur
phase showed by x-ray analysis was 3% of Mo. T
DyMo6S8 pellet had a residual resistivity ratio equal to 2
This confirms the high quality and homogeneity of the spe
men. Then, the pellet was powdered and mechanically m
with an appropriate amount of the Dy2S3 powder. The crys-
tallization process was performed in hermetically sealed m
lybdenum ampoules cooled from a temperature betw
1850 and 1880 °C at the rate of 5–8 °C/h for the fi
180 °C. Details of the crystallization procedure are descri
elsewhere.28 After many attempts, several single crysta
with varied shape and dimension were obtained. Reg
cubes with a volume exceeding 0.005 mm3 appeared only
occasionally.

Chemical composition and crystal uniformity were exa
ined using a Hitachi scanning electron microscope equip
with an energy-dispersive x-ray analyzer. Single-crys
x-ray diffraction data were collected at room temperature
a Simens SMART charge-coupled device~CCD! diffracto-
meter. The electron-probe microanalysis of the regu
shaped crystals showed a composition corresponding to
DyMo6S8 formula. At room temperature, the cell paramete
in the rhombohedral lattice wereaR56.452 Å and aR
589.50°, and were equivalent for all crystals analyz
These values are identical to those obtained for polycrys
line materials.29 The single crystal selected for our expe
ment showed good stoichiometry and no second phase
had dimensions of 0.230.230.2 mm3 and a massm
.0.05 mg.

Magnetization was measured with the SHE 330X Se
superconducting quantum interference device~SQUID! sys-
tem with a SQUID sensor installed in the vacuum cham
of the 3He-4He dilution refrigerator. The sensor was the
mally anchored to the liquid He bath~4.2 K! and shielded
with a Nb tube. Two counterwound pickup coils~each com-
posed of four turns! were made from 0.13-mm-diam Nb-T
wire and connected to the input coil of the SQUID sens
The distance between the pickup coils was 15 mm and
coil diameter was 5 mm. Nb-Ti wires leading to the inp
coil were twisted and shielded with a Pb-Sn tube. The pick
coil assembly was placed in the center of a 10-cm-long
perconducting solenoid generating a magnetic field up to
kOe. Both the coil assembly and the solenoid were fixed
the mixing chamber of the dilution refrigerator. The selec
single crystal was glued by GE varnish to the end of a 1
mm-diam copper rod and placed in the center of one of
two pickup coils. The other end of the copper rod w
screwed to the coil assembly.

This SQUID system, in principle, allows for the measu
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ments of the changes of the magnetization. However, ass
ing that the sample in the Meissner state demonstrates
fect shielding (4pM52H), absolute magnetization value
can also be obtained. The perfect shielding was used to
brate the SQUID system for the magnetization measurem
performed with increasing magnetic field for the single cry
tal in the virgin superconducting state. The crystal was o
ented with the magnetic easy axis~the @111# crystallographic
triple axis! parallel to the external magnetic field. For th
orientation, the demagnetizing factor was assumed to bk
51/3, the same as for a sphere.30,31This demagnetizing fac-
tor was used to correct magnetic field values; however,
correction is of no importance for our conclusions.

III. RESULTS AND DISCUSSION

In Fig. 1, the magnetization measured as a function
temperature is presented for several different applied m
netic fields oriented parallel to the easy axis of the sin
crystal. At low fields, the transition to the superconducti
state is clearly manifested as the smooth change of the m
netization M into diamagnetic values atTc.1.6 K (Tc
51.62 K for H520 Oe). This temperature decreases w
increasing field, as expected for a superconductor, and
flects the temperature dependence of the upper critical fi
HC2, below which the resistivity of the single crystal is e
pected to be equal to zero. ForH.100 Oe, theM values
below and close toTc are no longer diamagnetic. Howeve
the resistivity should still be zero and the ac susceptibi
should be negative~diamagnetic! as was observed fo
DyMo6S8 polycrystalline samples22 and other magnetic
superconductors.21,32 For these fields, the diamagnet
change ofM caused by the superconducting transition is n
large enough to compensate the positiveM of the Dy ions in
the PM state. Thus, the values ofM for the sample in the
superconducting state depend on the internal magnetic
caused by the applied field and the partially oriented spin
the Dy ions. At lower temperatures, the abrupt change oM
is observed atTN50.4 K, reflecting the transition to the

FIG. 1. Magnetization vs temperature at several applied fie
for DyMo6S8 single crystal with the magnetic easy axis orient
parallel to the field direction. The open symbols denote the ba
ground results obtained atH50. Magnetization results obtaine
from measurements repeated at the same field are marked by3.
0-2
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INTERACTION OF THE SPIN-FLOP PHASE AND . . . PHYSICAL REVIEW B64 094520
AFM state. In this state, the internal field is reduced andM
can again become negative. AtTN , the change ofM between
the PM and AFM states increases with increasing field
expected.

In Fig. 2, the magnetization measured as a function
temperature is presented forH>200 Oe. For these field
and belowTN , the single crystal is in the spin-flop~SF!
phase, so the observed change ofM, caused by the transition
to the ordered state, decreases significantly with increa
field. The temperature of the magnetic transition is field
dependent, as expected for an antiferromagnet in low fie
The transition to the superconducting state, appearing
small kink on the paramagnetic part of theM (T) curve, is
still observed, and the results presented in Figs. 1 and 2
be used to construct theH-T phase diagram. At temperature
belowTN , the values ofM depend slightly on the measurin
procedure because of increased flux creep or flux flow
fects. For fields higher than 300 Oe, the difference betw
M measured just after the temperature was changed and
bilized ~dynamic results! or 1 min later~quasistatic results! is
notable. As an example, the difference between the dyna
and static results is presented in the inset of Fig. 2 forH
5400 Oe. Note that neitherTc nor TN depends on the re
laxation effects. With the exception of the inset in Fig. 2,
M data reported in this paper relate to the quasistatic m
surements.

The most interesting results were obtained forM mea-
sured as a function of applied magnetic field. Figure 3 p
sentsM versusH at several temperatures belowTN and at 0.5
K. The curves were obtained for the virgin state of t
sample. This means that the crystal was cooled to the
quired temperature from aboveTC in zero field and then the
field was swept up. The difference between the virgin cur
measured in the AFM and PM states is striking and can
understood in terms of the phase diagram shown in the i
of Fig. 3. This diagram, which was constructed by using
results presented in Figs. 1 and 2, is qualitatively similar
the phase diagram obtained for polycrystalline material.21 At
0.5 K, the sample is in the superconducting and PM sta

FIG. 2. Magnetization vs temperature at higher fields than
Fig. 1. Magnetization results obtained from measurements repe
at the same field are marked by3. The inset shows a differenc
between the dynamic~open symbols! and quasistatic~solid sym-
bols! results~see text!.
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and the change ofM from negative to positive values take
place at a very low field, just above the first penetration fi
(H f p510 Oe) which is the experimental measure ofHC1.
The large increase~from about 20 to about 300 Oe! of the
field at which M changes from negative to positive is o
served for the sample in the magnetically ordered state. T
large increase occurs at temperatures much belowTc and
cannot be explained as a result of the temperature de
dence ofHC1. Thus, it is perceived as a consequence of AF
order appearing in the superconducting state. A sim
anomaly, which arises from the fact that the virgin curve w
placed out of the magnetization loop, has been observed
the polycrystalline DyMo6S8 sample; however, this observa
tion has not been interpreted.24

The low-field part of theM (H) virgin curves is presented
in Fig. 4 to show details concerning flux penetration. Th
penetration is typical aboveTN and proceeds as an unusu

n
ted

FIG. 3. Magnetization as a function of applied field obtained
the virgin state at several temperatures for DyMo6S8 single crystal
with the magnetic easy axis oriented parallel to the field directi
The inset shows theH-T phase diagram with the following series
PM, paramagnetic; NOR, normal; SUP, superconducting; SF,
flop; and AFM, antiferromagnetic. Two open symbols denote
results obtained by extrapolation. The dashed line was achie
from the neutron diffraction studies~Ref. 26!.

FIG. 4. Details of the magnetization virgin curves presented
Fig. 3. The vertical dashed line marks the fieldHa for which the
magnetization anomaly appears. The arrows show the possible
figuration of the spins of Dy ions in the vortex core.
0-3
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two-stage process at lower temperatures where AFM o
coexists with superconductivity. At low fields the sample
in the Meissner state, i.e., 4pM52H. When the field in-
creases aboveH f p (H f p5120 and 60 Oe at 0.1 and 0.14 K
respectively!, the sample is penetrated by the flux. Then,
higher fields, the penetration process stops unexpectedly
B in the single crystal is almost constant when the app
field is increased (DH.24pDM ). This new perfect shield-
ing appears atHa5160 Oe which after correction for de
magnetizing effects@H5(Ha2kB)/(12k), wherek51/3]
gives the value of 200 and 170 Oe at 0.1 and 0.14 K, resp
tively. These fields correspond very well to the spin-flop fie
HSF5200 Oe, obtained from neutron diffractio
experiments.26 Thus, we propose the following interpretatio
of the observed anomaly. When the vortices penetrate
single crystal aboveH f p , the core and the rest of the vorte
are in the AFM phase. However, when the applied field
high enough to force Dy spins to form the SF phase in
vortex core, the vortex energy increases and this will requ
a higher applied field to push the vortices with the new
ternal magnetic structure to the sample.19 Then, with further
increase of the applied field, the vortices penetrate
sample more rapidly, the internal magnetic field increas
and the magnetization becomes positive.

In the next part, simple phenomenological considerati
are proposed to estimate the number of magnetic ions in
vortex core and, based on that, the superconducting co
ence length and the Ginzburg-Landau~GL! parameter for
DyMo6S8 in the AFM superconducting state.

For a local magnetic field lower than the field at which t
spin-flop phase occurs, the free energy density of the m
netic superconductor can be expressed as

F~H,T!5Ev
0n1U~n!2BH/4p, ~1!

where Ev
0 is the self-energy of the vortex,n is the vortex

density,U(n) describes the interaction energy between
vortices@repulsive interaction meansU(n).0#, andBH/4p
reflects the interaction energy between the magnetization
the external field.33 The transition from the Meissner to
mixed state appears when the external field is equal toHC1

54pEv
o/f0, wheref0 is the unit flux. In the mixed state, th

magnetic induction is given by the total magnetic flux,B
5f0n. Then, the vortex densityn is determined by minimiz-
ing the free energy~1! with respect ton.

AboveHSF , the SF phase develops to reduce the inter
tion energy between the magnetization and the magn
field. The SF phase should appear first in the core of
vortex forming the new type of vortices discussed in t
former section. The transition to the SF phase results in
increase of the exchange energy between the magnetic
of RE ions. The increase should be added to the core en
of the vortex:

Ev5Ev
01Eexch, ~2!

whereEexch is the increase of exchange energy due to
occurrence of the SF phase in the vortex core. In the
approximation,
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Eexch5a~H2HSF!5N0eexch, ~3!

wherea is a positive constant,N0 is the number of Dy ions
~spins! in the vortex core, andeexch is the increase of ex-
change energy per spin due to the SF transition. Then,
free energy in the mixed state forH.HSF is given by

F~H,T!5~Ev
01Eexch!n1U~n!2

f0n

4p
~HSF1H2HSF!

5Ev
0n1a~H2HSF!n1U~n!2

f0n

4p
HSF

2
f0n

4p
~H2HSF!

5S Ev
02

f0HSF

4p Dn1S a2
f0

4p D ~H2HSF!n1U~n!.

~4!

The first term of the final form is negative becauseEv
0

5HC1f0/4p andHSF.HC1 for the DyMo6S8 single crystal.
Thus, forH increasing aboveHSF the vortex densityn can
stay constant, increase or decrease, depending ona. In our
experiment,n.const forH changing from 200 to 300 Oe a
0.1 K ~after correction for demagnetizing effects!, as shown
in Fig. 4. For fields in that interval, the single crystal behav
almost as an ideal diamagnet (DH524pDM ) and B
.const~the casea5f0/4p). Thus, the number of Dy ions
in the vortex core can be estimated from the value ofa, as
shown below.

For H parallel to the easy axis, the increase of the e
change energy due to the SF transitioneexch.mSFHSF/2,
wheremSF is the ‘‘on-field’’ component of the magnetic mo
ment of the Dy ion in the SF phase. Then, analyzing
shape of the magnetization loops obtained in arbitrary u
in high magnetic fields,24 we evaluatemSF as 2/3 of the
saturation magnetic moment, somSF.2mz/3.6mB , where
mz58.8mB is thez component of the Dy magnetic momen
as determined by neutron scattering experiments,25 andmB is
the Bohr magneton. Then taking the experimental value
HSF5200 Oe,26 we estimateeexch.5.6310218 erg. Now
using Eq.~3!, with conditiona5f0/4p, and taking the field
range for whichn is constant (H2HSF5100 Oe at 0.1 K,
after correction for demagnetizing effects!, the number of Dy
ions in the vortex core can be calculated from

f0

4p
~H2HSF!5N0eexch ~5!

to be N052.931011 cm21. This value corresponds to th
core diameterd(0.1 K).1000 Å. Assumingd.2j, the su-
perconducting coherence lengthj(0.1 K).500 Å is ob-
tained. In our experimentB.const5100 G ~at 0.1 K!,
which corresponds ton.4.83108 cm22 and to the distance
between vorticesa.7000 Å for a triangle lattice.

The coherence length can also be estimated from
simple formulaHC25f0/2pj2. For our DyMo6S8 single
crystal, HC25900 and 1100 Oe at 0.1 and 0.7 K, respe
0-4
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INTERACTION OF THE SPIN-FLOP PHASE AND . . . PHYSICAL REVIEW B64 094520
tively, and consequently,j.600 and 550 Å which corre-
lates very well with the value obtained above. Encourag
by this result, we use the GL relation betweenHC1 and
HC2, (HC1 /HC2)5(p lnk/4A3k2),34 to estimate the G-L
parameterk(0.7 K).11 for HC15H f p.10 Oe~see Fig. 4!
in the nonmagnetic superconducting state. Then, accep
above-evaluatedj(0.7 K).550 Å we obtain the penetra
tion depthl(0.7 K).6000 Å. The GL relation between th
lower and upper critical fields is generally valid for supe
conductors with largek and, therefore, cannot be applied f
our sample in the AFM superconducting state. In that st
the HC1 /HC2 ratio is considerably reduced~at 0.1 K, HC1
5H f p.100 Oe andHC25900 Oe) which requires the re
duction ofk, possibly even below 2. However, to estimatek
belowTN , we can assume that in the SF phasel is reduced
to the value of order (l l )1/2, wherel is the magnetic inter-
action length.35 For DyMo6S8, 26 l .300 Å and, using the
above obtained valuel(0.7 K).6000 Å, we obtain in the
magnetically ordered statel(0.1 K).1300 Å. Comparing
the new estimatedl(0.1 K) with the distance between vo
tices,a.7000 Å, we see that at fields where the magne
zation anomaly occurs the vortices can be considered as
lated.

The reduction ofl, observed in the AFM state, leads to
strong compression of the quantized flux and results i
considerable decrease of the GL parameter fromk(0.7 K)
.11 to k(0.1 K).2.5. Both of the values ofk may be
underestimated because in calculations we usedH f p instead
of HC1 and H f p>HC1 ~real HC1 values are usually no
known!. However, we can conclude that the appearance
the SF phase in the superconducting state forces the typ
magnetic superconductor, even when it has a largek, to be-
come a type-I superconductor as predicted theoretically.36,37

One possible reason for this effect is the attractive force
tween the vortices caused by the current inversion in so
portion of the vortex with the special magnetic structure. T
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current inversion seems to be the direct consequence o
quantization of the total flux of a single vortex, which in
magnetic superconductor is the sum of the spin and cur
contribution.36

IV. CONCLUSION

The single crystals of DyMo6S8 were successfully grown
using the slow cooling of a melted charge closed in herm
cally sealed molybdenum ampoules. The crystals were p
homogenous, and large enough to be used for studying s
subtle effects accompanying the magnetization of the ant
romagnetic superconductor. For a crystal with the magn
easy axis oriented parallel to the external field, the unus
vortex behavior was observed belowTN for the initial mag-
netization process. This behavior, which is two-stage fl
penetration, was interpreted as the consequence of the
flop phase appearing in the vortex core. Based on this ob
vation and analyzing the free energy of the magnetic su
conductor, the superconducting coherence length and the
parameterk were estimated in the magnetic superconduct
state. In this state,k is too small to be obtained by applyin
the simple GL formulas. The large reduction ofk observed
below TN gives evidence that with decreasing temperat
the antiferromagnetic superconductor tries to transform fr
a type-II ~with a largek) to a type-I superconductor. Thi
transformation can be explained as a result of the attrac
force between the vortices, possibly due to the current in
sion in some portion of the vortex.
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Golnik, E. Brücher, R. K. Kremer, D. R. Noakes, C. E. Sronac
and E. J. Ansaldo, Phys. Rev. B59, 14 099~1999!.

13D. J. Pringle, J. L. Tallon, B. G. Walker, and H. J. Trodahl, Phy
Rev. B59, R11 679~1999!.
0-5



B

M

v.

s.

O

O

in

Sci.

-

ys.

K. ROGACKI, E. TJUKANOFF, AND S. JAAKKOLA PHYSICAL REVIEW B64 094520
14A. Fainstein, E. Winkler, A. Butera, and J. Tallon, Phys. Rev.
60, R12 597~1999!.

15P. Burlet, J. Flouquet, J. L. Genicon, R. Horyn, O. Pena, and
Sergent, Physica B215, 127 ~1995!.

16B. Wolf, J. Molter, G. Bruls, B. Lu¨thi, and L. Jansen, Phys. Re
B 54, 348 ~1996!.

17H. Iwasaki, M. Ikebe, and Y. Muto, Phys. Rev. B33, 4669~1986!.
18T. Krzyszton, J. Magn. Magn. Mater.15-18, 1572~1980!.
19T. Krzyszton, Phys. Lett.104A, 225 ~1984!.
20T. Krzyszton, Physica C294, 47 ~1998!.
21M. Ishikawa and O” . Fischer, Solid State Commun.24, 747

~1977!.
22H. C. Freyhardt, K. Winzer, and W. Schroter, J. Phys.~Paris!,

Colloq. 39, C6-369~1978!.
23L. D. Woolf, M. Tovar, H. C. Hamaker, and M. B. Maple, Phy

Lett. 74A, 363 ~1979!.
24M. Ishikawa and J. Muller, Solid State Commun.27, 761 ~1978!.
25D. E. Moncton, G. Shirane, W. Thomlinson, M. Ishikawa, and” .

Fischer, Phys. Rev. Lett.41, 1133~1978!.
26W. Thomlinson, G. Shirane, D. E. Moncton, M. Ishikawa, and” .

Fischer, J. Appl. Phys.50, 1981~1979!.
27W. Thomlinson, G. Shirane, J. W. Lynn, and D. E. Moncton,

Superconductivity in Ternary Compounds II, edited by M. B.
09452
.

Maple and O” . Fisher~Springer-Verlag, Berlin, 1982!, Chap. 8.
28R. Horyn, O. Pena, C. Geantet, and M. Sergent, Supercond.

Technol.2, 71 ~1989!.
29O” . Fischer, Appl. Phys.16, 1 ~1978!.
30V. V. Schmidt,The Physics of Superconductors~Springer-Verlag,

Berlin, 1997!, Chap. 1.
31R. B. Goldfarb, M. Lelental, and C. A. Thompson, inMagnetic

Susceptibility of Superconductors and Other Spin Systems, ed-
ited by R. A. Heinet al. ~Plenum Press, New York, 1991!, pp.
49–80.

32M. Ishikawa and O” . Fischer, Solid State Commun.23, 37 ~1977!.
33P. G. de Gennes,Superconductivity of Metals and Alloys~Ben-

jamin, New York, 1966!, Chap. 3.2.
34M. Tinkham, Introduction to Superconductivity~Krieger, Mel-

bourne, FL, 1975!, Chap. 5.3.
35P. Fulde, and J. Keller, inSuperconductivity in Ternary Com

pounds II, edited by M. B. Maple, and O” . Fisher ~Springer-
Verlag, Berlin, 1982!, Chap. 9.3.

36M. Tachiki, H. Matsumoto, and H. Umezawa, Phys. Rev. B20,
1915 ~1979!.

37H. Matsumoto, R. Teshima, H. Umezawa, and M. Tachiki, Ph
Rev. B27, 158 ~1983!.
0-6


