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Magnetism and superconductivity in Scs Dy„lr4Si, o alloys

S. Ramakrishnan, K. Ghosh, and Girish Chandra
Tata Institute ofFundamental Research, Bombay 400005, India

{Received 26 December 1991)

We report the study of superconductivity and magnetisrn in Sc, Dy Ir4Si, p (x =0,0.5,
1,1.5,2,3,4,4.5,5) alloys. We find that the superconducting transition temperature decreases as x in-

creases and a linear increase of antiferromagnetic ordering temperature from x =2 to 5. We also report
an observation of the coexistence of superconductivity and magnetism for x = 1.5 from resistivity and ac
susceptibility measurements in small applied dc magnetic fields.

I. INTRODUCTION

Most of the studies on the coexistence of superconduc-
tivity and magnetism are made either on RMo6S8 cha1-
cogenides or on RRh&B4 borides (R is a rare-earth ele-
ment). ' In these systems the superconductivity arises due
to Mo clusters and Rh clusters, respectively, while
magnetism is due to the rare-earth element. In the case
of ternary silicides Scslr4Si, o (Ref. 2) (where there are no
clusters responsible for superconductivity and no direct
Ir-Ir contacts), it is of interest to study the effect of the
magnetic rare-earth element substitution for Sc on the su-
perconductivity of this system. With this motivation we
have studied the effect of Dy substitution for Sc on the
normal and superconducting state properties in the
Sc5Ir4Si, o system.

Previous studies have shown that the compound
Scslr4Si, o undergoes a superconducting transition (Tc)
below 8.5 K whereas Dy5Ir4Si, o becomes antiferromag-
netic (Ttv) below 5 K. We have reported detailed suscep-
tibility and resistivity studies on Dy5Ir4Si~o which exhib-
its superzone effects near the antiferromagnetic transi-
tion. In this paper we present our detailed study of
normal-state resistivity, susceptibility, transition temper-
ature (Tc, Ttv) for the Sc5,Dy, Ir4Si, o (x =0,
0. 5, 1,2, 3, 3.5, 4, 4. 5, 5 ) system. We also report the obser-

vation of coexistence of superconductivity and magne-
tism in the Sc3 5Dy, 5Ir4Si, o alloy by performing resistivi-

ty and ac susceptibility measurements in various dc mag-

netic fields.

II. EXPERIMENTAL DETAILS

A11 samples were made by melting the individual con-
stituents in an arc furnace under high-purity argon atmo-
sphere. The purity of Sc, Dy, and Ir is 99.9% while that
of Si is 99.999%. All the samples are found to have the
tetragonal structure of the type PM 3X (Sc5Co4Si,o struc-
ture). The lattice constants a and c of Sc51r4Si,

&&
and

Dy5Ir4Siio agree with the previously published data.
The variation of a and c with concentration x in

Scs Dy Ir4Silo is shown in Fig. 1. The temperature
dependence of susceptibility (y) was measured using a
Quantum Design squid magnetometer (in a field of 1 KOe
from 2 to 300 K) and a home-built ac susceptometer'
(from 300 to 1.5 K in a field of 1 Oe). The resistivity was
measured using 4-probe dc technique and the contacts
were made using ultrasonic solder (with indium and non-
superconducting solder from Oxford Instruments, United
Kingdom) on a cylindrical sample of 2 mm diameter and
10 mm length. The temperature was measured using a
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FIG. 1. Variation of lattice constants a and c with concentra-
tion x in Sc, Dy Ir4Si, p.

FIG. 2. Dependence of the superconducting transition tem-
perature T& antiferromagnetic ordering temperature T& with x
in Sc, Dy Ir4Silp.
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FIG. 3. Variation of y(T) of Dy, Sc Ir4Si&p for x =0 and
x = 1 from 2 to 300 K. The inset shows y( T) from 2 to 25 K.

calibrated Si diode (zero-field) and carbon glass (in-field)
sensors (Lake Shore, USA). The sample voltage was mea-
sured with a Keithley nanovoltmeter with a current of 20
mA using a 20-ppm-stable HP current source. All the
data were collected via an IEEE488 interface using a
PC/AT machine.

TABLE I. Fitted values for the parameters used in Curie-

Weiss law for diferent Dy-rich (Dys Sc Ir4Si&p) samples.

Sample

Dy&lr4Si

Dy4Sc &
Ir4Si lp

Dy3Sczlr4Si lp

DyqSc3Ir4Si, p

Range

100—300 K 73.8
100—300 K 59.8
100—300 K 42.2
100—300 K 27.6

18.1 K 5.0 K 10.6pg
15.8 K 4.5 K 10.6p
13.0 K 4.0 K 10.6pg
11.0 K 3.5 K 10.5pg

B. Resistivity studies on antiferromagnetic
samples (x + 2.0)

In order to understand the resistivity (p) dependence
on temperature we have separated the resistivity data
into two regions, namely, the low-temperature region
(T&8D/10) and the high-temperature region (50—300
K)

that high-temperature g(100&T &300 K) data shows
Curie-Weiss law g(T)=CI(T —8&1] from Fig. 4. The
other samples show similar dependence and the values of
Tz, 8&, and p,& are given in Table I. It will be interest-
ing to study the anisotropy effects in this system using
single crystals.

III. RESULTS AND DISCUSSION 1. Low temperature resistivity studies (T„&T & Bv /10)

A. Susceptibility studies on antiferromagnetic
samples (x ~2.0)

The transition temperature (both Tc and Tz) depen-
dence on the concentration x of Dy is shown in Fig. 2.
We find that Tz decreases almost linearly from 5 to 3.5 K
as x decreases from 5 to 2. The observed moment (from
the high-temperature susceptibility data) is around
10.6p~ which is the free-ion value for Dy. The tempera-
ture dependence of y of two samples (Dy5Ir4Si, o,
Dy4Sc, Ir4Si, o) from 2 to 300 K is shown in Fig. 3. The
temperature dependence of y from 2 to 25 K is shown in
the inset. One can observe the AF state around 5.0 K for
the parent sample and 4.5 K for the Sc substituted one
where d(yT)ldT shows a maximum. One can also see
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The low-temperature resistivity of the various alloys
are shown in Fig. 5. Here we find in the Dy5Ir4Si&0 sam-

ple, a broad minimum in p around 17 K and a rnaximurn
around 6 K. Such a minimum has been seen in many an-
tiferromagnetic rare-earth metals which arises due to
magnetic superzone effects. In the case of rare-earth met-
als like Dy the resistivity shows a minimum followed by a
maximum along the c axis before it decreases due to anti-
ferromagnetic ordering. This has been attributed to the
magnetic superzone effect which arises because of the fact
that the antiferromagnetic phase has a periodic arrange-
ment along the c axis which is incommensurate with that
of the lattice. However, such effects are not reported in
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FIG. 4 Plot of 1 /g( T) for Dy5 Sc Ir4Si]p (x =0,2, 3, ) with
temperature from 50 to 300 K which shows the linear depen-
dence.
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FIG. 5. Temperature dependence of resistivity
Dy5 „Sc Ir4Silp from 2 to 40 K.
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FIG. 6. Temperature dependence of resistivity
Dy5 Sc„Ir4Si» from 50 to 300 K.
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FIG. 7. Temperature dependence of susceptibility of
Sc&Ir4Si&0. The inset shows the superconducting transition.

intermetallic compounds. Only one paper has observed
this effect in substituted samples and not in an antiferro-
magnetic compound like Dy&Ir4Si&o.

One can understand the minimum and the maximum
in p near the antiferromagnetic transition as follows. If
one assumes an oscillatory arrangement of 4f spins, the
conduction electrons will experience a periodic potential
through the s finteract-ion whose period is incommensu-
rate with that of the crystal lattice. This periodic poten-
tial, together with that of the lattice, produces gaps in the
energy dispersion of conduction electrons. When the gap
appears in the conduction band, the effective number of
electrons are reduced. So, near the magnetic transition,
this increases the resistivity of the sample. However, spin
disorder scattering (due to thermal fluctuations) decreases
resistivity as one approaches Tz from room temperature.
The combination of these two effects results in the unusu-
al dependence of p on temperature along the c axis in
many rare-earth elements (Dy, Tm, Er, Eu, Ho, and Gd).
The p along the a axis shows normal behavior of a mag-
netic material.

We also see that the minimum becomes shallower as x
increases in Dys „Sc Ir4Si, o and disappears for x =2
and above. Although our samples are polycrystalline we
can see the superzone effect clearly in our alloys. Howev-
er, to compare with theory it is essential to do transport
measurements in single crystals of Dy&Ir4Si&0 and its al-
loys and also the neutron diffraction study to estimate the
reduced moment.

2. High temperature resisti-uity studies (50K& T & 300K)

The high-temperature p(T) data for various Dy-rich al-
loys are shown in Fig. 6. All the alloys show an initial in-

TABLE II. Fitted values for the parameters used in parallel
resistor model for different Dy-rich Dy5 Sc„Ir4Si&o) samples.

1 1 1

p(T) pt(T) pM.. '

where pM, „ is the saturation resistivity which is indepen-
dent of temperature and pt(T) is the ideal temperature-
dependent resistivity. Further, the ideal resistivity is
given by the following expression. The only assumption
we have made in addition to the above model is to as-
sume a linear temperature dependence of spin-disorder
scattering at high temperature:

x dx
pt( T)=pp+ C1( TleD )'f0

+C2T,
(l —e ")(e"—l)

where po is the residual resistivity the second term is due
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crease in p and tendency toward saturation at high tern-
perature. We believe that this saturation has nothing to
do with either magnetism or superconductivity in this
system. Such a deviation from linear temperature depen-
dence at high temperature has been seen in many alloys
where the saturation is attributed to the high value of p
of these alloys at high temperatures. One of the models
which describe the p( T) of nonmagnetic materials is
known as the parallel resistor model. In this model the
expression for p( T) is given by

Sample Range Po
pQ cm C,

e
K pfL cm

7.0 7.5 8.0 8.5 9.0
T

Dy5I14S1lo 50—300 K 397.0 1 150.0 406.2 266.4
Dy4 5Sco 5I14S1lo 50—300 K 555.0 1 1 8 1.1 3 15.3 262.0

Dy4Sc, Ir4Si» 50—300 K 521.4 1335.7 309.3 249.9
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FIG. 8. Temperature dependence of resistivity of Sc„Ir4Silp.
The inset shows the superconducting transition.
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FIG. 9. Low-temperature resistivity of Sc-rich
(Scs „Dy„Ir4Si&p) alloys.

FIG. 10. High-temperature resistivity of Sc-rich
(Scs Dy„ Ir4Si &p) alloys.

to phonon-assisted electron scattering similar to the s-d
scattering in transition metal alloys. This model fits fair-
ly well to the data as one can see from Fig. 6 (continuous
lines are the fitted values). The values of the various pa-
rameters for different alloys are given in Table II. Here
one can see that the coefficient C, increases as the Sc con-
tent increases in these alloys. The value of the po is very
much larger than the measured resistivity at low temper-
ature. The reason for this behavior is not well under-
stood. Such a discrepancy is noted for many transition
metal alloys. A complete analysis over all temperatures
requires a detailed transport measurement on single crys-
tals of these samples and crystal-field energy-level scheme
of this system.

2. Susceptibility studies on superconducting
samples (x &2.0)

The temperature dependence of the susceptibility of
Sc5Ir4Si, o is shown in Fig. 7. The inset shows the super-
conducting transition of this sample at 8.5 K with the
transition width less than 50 mK. The total susceptibility
(Pauli spin term and Van Vleck dia- and paramagnetism
of ion cores) is positive and shows a very small tempera-
ture dependence from 300 to 10 K. This data agrees with
the earlier report by Braun and Segre.

D. Resistivity studies on superconducting
samples (x & 2.0)

The temperature dependence of p for the Sc5Ir4Si~o
sample is shown in Fig. 8. The inset shows the supercon-
ducting transition observed below 8.5 K. The value of

TABLE III. Fitted values for the various parameters used in

the power law dependence of resistivity of Sc-rich
(Scs Dy„ Ir4Si&p).

the resistivity at room temperature is around 150 pQ cm
which is 10 times less than the previously reported
value. ' Our measurements (rods of dimension 10X2
mm with density 6.81 glcm ) on two different samples
yielded the same values within 5%. The sharp supercon-
ducting transition and no impurities detected in the x-ray
analysis show that the samples are of good quality.

1. Low temperatur-e resistivity (T & ev /10)

The low-temperature resistivity of Sc-rich alloys is
shown in Fig. 9. All the samples show a power-law
dependence (p=po+ T"), where the value of n decreases
with increasing Dy substitution. For nonmagnetic alloys,
one can expect a T term similar to Wilson's model and
this power decreases as more magnetic rare-earth atoms
are added and for pure magnetic compound one expects a
dominance of the T term in the resistivity due to Dy
spins ordering at low temperatures. The values of the
various parameters used in this fitting are given in Table
III.

2. High temperature -resistivity (50K & T& 300K)

The high-temperature resistivity data for various Sc-
rich alloys are shown in Fig. 10. Here as we have men-
tioned before, the p shows a deviation from linear tem-
perature dependence. According to Allen and co-
workers" such a dependence is expected of high resis-
tance metallic samples because the mean-free path of the
electrons is short and they are of the order of interatomic
spacing. Hence the classical assumption in the
Boltzmann transport equation, namely, krl ))I (where

TABLE IV. Fitted values for the various parameters used in
the parallel resistor model for Sc-rich (Scs „Dy Ir4Si, p).

Sample Range Po
pQ crn Tc

Sample Range Po
pQ cm Ci

Pmax

pQ cm

ScsIr4Silo 10—40 K
Sc4 sDyo sIr4Si&o 10—40 K

Sc4Dy&I14Si~p 10—40 K

12.80
20.22
40.95

0.000 14 3.0 8.45
0.000 40 2.9 7.00
0.00046 2.8 6.00

ScsIr4Si io 50—300 K 19.75 1028-9 391 59 241-04
Sc4.sDyo. sIr4Silo 50—300 K 31.53 1106-2 363 3 350 0

Sc4Dy&Ir4Silp 50—300 K 53.40 1282.6 356.9 534.9
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FIG. 11. Temperature dependence of susceptibility of
SC3 5Dy& 5 Ir4Si, o. The inset shows the temperature dependence
ofy from 60 to 300 K.

25

0.004-

0.003
0

o

2kOe FIELD
!

5 10 15 20 25
TEMPERATURE(K)

0.005
0.004- OOOOOOOO

0.003—
p 002 o 0 FIELD

0.001
0 000

0 5 10 15 20
0.005
0 004 ooooo ~OO 0

1kOe FIELD0.002—
0.00 &

Q QQQ ~ i g i t

0 5 10 15 20
0.005

kF is the Fermi wave vector, l is the mean-free path), is

no longer valid in these compounds. They suggest that
the parallel resistor model [Eq. (2) without the linear
term] is appropriate for these systems. We fitted the
resistivity data for Sc-rich alloys using this model and the
fitted values are shown by the continuous lines in Fig. 10.
The values of the various parameters used in this model
are given in Table IV. The value of the GD obtained
from this analysis agrees very well with the heat capacity
results' for the Sc5Ir4Si, o sample. This gives the neces-

sary credibility to this model. One also finds that both po,
Ci, and p,„ increase with Dy substitution. On the other
hand, eD decreases with increasing Dy in these alloys.

E. Coexistence of superconductivity and

magnetism in Sc3 5Dy& 5Ir4Si&0

1. Resistivity and susceptibility studies

The temperature dependence of the susceptibility (y) of
this sample is shown in Fig. 11. The inset shows the tem-

FIG. 13. Resistance of Sc3 5Dyf 5Ir4Si, o in dc magnetic fields.

perature dependence of g from 60 to 300 K. The high
temperature y shows a Curie-Weiss behavior (similar to
Dy-rich alloys) and an efFective moment of 10.6@~. From
the figure one can see that the sample undergoes super-
conducting transition before it becomes antiferromagnet-
ic. The ac susceptibility in various dc magnetic fields
clearly shows the antiferromagnetism as superconductivi-
ty is destroyed by the applied field. This data for two
field values are shown in Fig. 12. We see that the sample
has already become normal at an applied field of 2 KOe
and above. The resistivity data shown in Fig. 13 show
similar behavior at these fields. There is a small structure
in the p( T) near 4 K for low dc applied fields. The reason
for such a structure is not clear and one has to wait for
the single-crystal measurement to understand this behav-
ior. The normal-state resistivity can be fitted to Eq. (2)
and the data is shown in Fig. 14. The inset shows the su-
perconducting transition of this sample.
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FIG. 12. Ac susceptibility of Sc3 5Dy, ,Ir4Si, o in dc magnetic
fields.

FIG. 14. Temperature dependence of resistivity of
Sc35Dy, 5Ir4Si». The inset shows the superconducting transi-
tion.
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IV. CONCLUSION

We have studied the antiferromagnetism and supercon-
ductivity in Sc5 „Dy„Ir~Si,o(x =0,0.5, 1, 1.5, 2, 3,4,
4. 5, 5) system by using dc and ac susceptibility and resis-
tivity measurements. The effective moment is equal to
the free Dy ion for antiferromagnetic samples. The Tz

increases linearly with x (from x =2) and T~ decreases
somewhat rapidly as x increases to 1.5 and decreases
below 1.5 K for x =2 and above. The coexistence of su-
perconductivity and magnetism is established for x =1.5
using ac susceptibility and resistivity in small applied dc
magnetic fields.
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