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Superconductivity in a mixed-valent system: CeRu3Si2
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Low-temperature properties characterize the hexagonal compound CeRu3Si2 as a mixed-valent system

intermediate between weakly mixed-valent systems like CeSn3 or CePd3 and strongly mixed-valent systems

like CeRu2. The dimensionless ratio of the Pauli susceptibility (Xa-—9.4&& 10 emu/mole) and the linear

specific-heat coefficient (y -—39 mJ/moleK ) is about 0.8. CeRu3Si2 exhibits type-II superconductivity

below T, = 1 K, which is much lower than T, = 7 K of the La homolog.

It has been believed for a long time that the occurrence of
superconductivity in Ce intermetallic compounds necessarily
requires a nonmagnetic, i.e. , tetravalent (4f 0), configura-
tion of the Ce ions. Therefore, the superconducting com-
pounds CeRu2 ( T, = 6 K)' and CeCo2 ( T, = 1 K)' as well
as the high-pressure n' phase of metallic Ce ( T, ~ 1.9 K)3
have been considered tetravalent Ce systems. Recent ther-
modynamic considerations, 4 2p x-ray absorption edge, ' and
resonant x-ray photoemission measurements, however,
strongly suggest substantial 4f occupation in the above two
intermetallics. It is, therefore, now widely contended that
both CeRu2 and CeCo2, and perhaps also o. '-Ce, belong to
the class of so-called "strongly mixed-valent" materials. 7

This means that there exists strong 4f hybridization with
the conduction-band states resulting in a band of hybridized
one-particle states at the Fermi level EF with typical width
5 —0.1 eV.' In the weakly mixed-valence (MV) materials
like CeSn3, CePd3, CeBe~3, etc, 5 is smaller, i.e., a few 0.01
eV.7 So far, none of these weakly MV systems was found
to superconduct. This is especially interesting in view of the
discovery of "heavy-fermion" superconductivity below
T, =0.6 K in CeCu2Si2, which has to be classified among
the nearly trivalent or Kondo-lattice systems. The heavy-
fermion properties of such a material at low temperature
originate in the existence of a very narrow (many-body) res-
onance of width ( 1 meV at the Fermi level. Very recent-
ly, the actinide compound UBe~3 was found' to show the
same exotic low-temperature behavior as CeCu2Si2.

The present study was motivated by the search for further
Ce-based MV superconductors. We discuss here the results
of lattice parameter, resistivity, susceptibility, and specific-
heat measurements on the hexagonal compound CeRu3Si2.
Its La, Y, and Th homologs have recently been reported"
to becorrie superconducting, with LaRu3Si2 showing the
highest T, of 7 K. It was reported in Ref. 12 that the struc-
ture of these compounds, which belongs either to the space
group P63/m or P63, can be obtained by weighing in some
excess of Ru, which exists as free Ru in the molten ingot.

Two polycrystalline samples of CeRu3Si2 were prepared in
an argon arc furnace by melting together the weighted con-
stituents with nominal composition CeRu35S12 (sample no.
1) and CeRu33Si2 (sample no. 2). According to the x-ray
powder diffraction patterns taken at room temperature, the
samples consist of CeRu3Si2 and some precipitations of me-

P

( ltAcm)—

20

I

100
l

200 T(K)

FIG. 1. Resistivity of CeRu3Si2 (sample no. 1) as a function of
temperature.

tallic Ru. The lattice parameters of the well-crystallized
samples were a =5.55 A and c=7.12 A. Compared to
LaRu3Si2, ' the Ce-based compound has the same c parame-
ter, but a slightly (2%) smaller a parameter. Since both x-
ray diffraction and resistivity measurements show that an-
nealing at 1000'C leads to a segregation of the samples into
the tetragonal system CeRu2Si2 (Ref. 13) and elemental Ru,
the samples for the present study were kept unannealed.

Figure 1 shows that the resistivity of CeRu3Si2 increases
monotonically from the residual resistivity pa=13 JILQ cm at
4.2 K to p ——67 p, A cm at 300 K. An inflection point exists
in p(T) near T=20 K. The susceptibility of CeRusSi2 is
weakly paramagnetic above 100 K and shows an upturn at
lower temperatures (Fig. 2). The same data, replotted as
X T vs T, follow a straight line X T = XOT+ C; above 100 K
(inset). This can be understood if one assumes that (1) the
(intrinsic) susceptibility of CeRu3Si2 is temperature inde-
pendent, Xo= (9.4+0.7) && 10 4 emu/mole Ce, and (2)
paramagnetic impurities contribute to a term X; = C/ T. The
value C, = (1.8 + 1.0) && 10 2 K emu. /mole Ce implies that
the concentration of the most probable species of magnetic
"impurities, " i.e., free Ce + ions carrying full moments, is
2 + 1 at. %. The nonlinear behavior found below 100-K
points to magnetic interactions between these "impurities. "
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FIG. 2. Temperature dependence of the susceptibility of
CeRu3Si2 (sample no. I). Inset shows for a few of these data points
XTvs T.

The enhanced Pauli-type susceptibility Xo of CeRu3Si2 is
considerably lower than that of the weakly MV systems
CeSn3 and CePd3 [Xo= (14.6—14.7) X 10 emu/mole Ce], '"
but considerably higher than that of strongly MV
CeRu2(XO= 6.2x 10 4 emu/mole Ce).2

Following Ref. 15, we can define a "spin-fluctuation tem-
perature" Tr, by plotting p, (T) =XOT/C, with C=0.807
Kemu/mole Ce, as a function of temperature on a loga-
rithmic scale, and taking T,r from p, (T,r) =0.5. For CeSn3
one finds T,f= 270 K, while T,f= 440 K and = 700 K are
extrapolated for CeRu3Si2 and CeRu2, respectively.

The specific heat of CeRu3Si2 for 0,5 K& T& 5 K is
shown in Fig. 3 in a plot C/Tvs T2. For T) 2 K we find
C = y T+ p T' with y = 39 + 1 m J/mole K2 and p = 0.8 + 0.1

m J/mole K4. While the latter coefficient yields a low-
temperature value for the Debye temperature of
HD = 245 &10 K, the coefficient y is close to that found for
CePd3 (37 mJ/mole K2) and intermediate between y = 53
mJ/moleK2 of CeSn3 (Ref. 14) and y=23 mJ/mole K2 of
CeRu2 (Ref. 6). This indicates a density of states at the 0- —Bcz(T)

Fermi level, W(EF), dressed by the electron-phonon cou-
pling, which amounts to N(EF) = 1.4 states/eV at spin for
CeRu3Si2.

The low-temperature properties discussed above charac-
terize CeRu3Si2 as a MV system intermediate between the
prototypical MV systems CeSn3 and CePd3 on the one hand
and strongly MV Ceku2 on the other. The dimensionless
ratio of the measured values of Xp and y is

R = (p, o 'Xo/y) [rr ks/gjJ(J+1)] =0.8+0.1,

where p, o is the induction constant, k~ Boltzmann's con-
stant, gJ= ~ the Lande g factor, and J= —', the quantum

number of the total angular momentum for Ce'+. As for
many other MV compounds we find 8 for CeRu3Si2 to be
of order unity, which proves the low-temperature phase of
such a system to behave as a noninteracting Fermi gas. '

CeRu3Si2 becomes superconducting below T, = 1 K. This
is demonstrated by a discontinuity in the specific heat (Fig.
3), a large diamagnetic signal in the low-frequency (119 Hz)
ac susceptibility [Fig. 4(a)], and the expulsion of magnetic
flux (dc Meissner effect) from a large fraction (65%) of the
sample volume. The Meissner experiment was done by
measuring the dc magnetization of a powdered piece of the
sample, while cooling it in a small magnetic field to well
below T, .

From the different transition temperatures T, (as B 0)
that are obtained by ac susceptibility as well as the volume
techniques dc magnetization (1.25 and 0.97 K, respectively,
for sample no. 1) and specific heat ( T, = 0.98 K, sample no.
2) we infer that CeRu3Si2 is an inhomogeneous type-II su-
perconductor. If such a material becomes cooled to below
T„paramagnetic flux remains partly frozen in (at pinning
centers or other trapping regions) and, thus, the diamagnet-
ic magnetization is reduced. The "Meissner volume" pro-
vides, then, only a lower bound of the superconducting part
of the volume. From the observed large Meissner volume
we can, therefore, conclude a large fraction ( ~ 65%) of the
sample volume to be superconducting. Bulk superconduc-
tivity of CeRu3Si2 is supported by the large specific-heat
jump Ac= l.lyT„' which is of the same order as that
predicted by the BCS theory (1.43y T,). Both the small ra-
tio T,/OD = 2.5&& 10 2 and the magnitude of the reduced
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FIG. 3. Temperature dependence of the specific heat of CeRu3Si2
{sample no. 2) ln a plot C/ Tvs T

FIG. 4. (a) Inductive transitions as a function of external mag-
netic field for CeRu3Si2 (sample no. 1). (b) Upper critical field as
determined from (a} as a function of temperature.
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specific-heat jump AC/7 T, suggest CeRu3Si2 to be a con-
ventional weak-coupling (BCS) superconductor.

As is seen in Fig. 4(a), the application of a magnetic field
shifts the normal-to-superconducting transition towards
lower temperatures. By plotting the applied field versus the
midpoint of the corresponding transition curve, one gets the
temperature dependence of the critical field. The size of this
critical field (Bc2 & 0.24T) proves the type-II behavior in-
ferred above. The absolute value of the slope of the upper
critical field versus temperature dependence at T„
Bc2 = —(dBcgdT) r, is about 0.25 T/K for CeRu3Siz. This

C

is comparable to 8~2 of many type-II superconductors with
similar T„but smaller by one to two orders of magnitude
than the critical field slope as observed'7 for the heavy-
fermion system CeCu2Siz (with lower T,). By comparing
the specific-heat jurnp height 4C with 8~2, we can estimate
the Ginzburg-Landau parameter K = 6 (cf. Ref. 17).
With this K and the orbital critical field at T= 0,
Bc2 (0) = 0 69Bcz.T, = 0.17 T, both the thermodynamic and
lower critical fields can be estimated (as T 0), yielding
Bct (0) = 17 mT and Bct(0) = 3 4 mT.

In summary, CeRu3Si2 appears to be a MV system with
low-temperature properties intermediate between those of
weakly MV systems like CeSn3 and CePd3 and strongly MV

systems like CeRu2. For CeRu3Si2 (with Tf-4—40 K) we
found superconductivity below T, =1 K, which is much
smaller than T, = 7 K of the La homolog. For comparison,
in the case of CeRu2 (with Tf= 700 K) T, is about twice as
large as T, of LaRuz, whereas CeSn3 (Tf- 27—0 K) is not
superconducting despite T, =6 K of LaSn3. This seems to
demonstrate that upon decreasing the strength of the hy-
bridization the magnetic character and, hence, the pair-
breaking capability of the Ce ions steadily increases. ' More
superconducting MV systems should be searched for to ver-
ify this interesting correlation which would, of course, imply
superconductivity to become extremely unlikely in the case
of a nearly trivalent Kondo-lattice system (with Tf- 10 K).—
Thus, the observed superconductivity in CeCu2Si2 requires a
new pairing mechanism, that is (1) probably originating'9 in
the narrow Kondo (many-body) resonance at EF and (2)
strong enough to overcompensate all kinds of pair-breaking
processes. Only such a new pairing mechanism can explain
that CeCu2Si2 is a superconductor, while LaCu2Si2 is not.
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