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Magnetic behavior of the Kondo-lattice system CeRu2Si2
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%'e demonstrate experimentally that the intermetallic compound CeRu2Si2 exhibits lom-

temperature magnetic properties similar to those of the heavy-fermion superconductor CeCu2Si2.
Magnetic susceptibility and ~ Si nuclear magnetic resonance (NMR) measurements establish that the
ground state of CeRu2Si2 is nonmagnetic, and electrical resistivity measurements reflect Kondo-type
spin fluctuations. The observed proportionality between the Ce contributions to the Si NMR shift
K and the magnetic susceptibility g distinguishes CeRu2Si2 from mixed-valence Ce- and Yb-based
systems found previously to exhibit anomalous nonlinear dependence of EC on g.

Cerium-based intermetallic compounds with the
ThCr2Si2-type tetragonal structure possess rather interest-
ing physical properties. In the compounds CeTzSiz,
where T is a 3d transition-metal atom (Mn through Cu),
the lattice anomaly (departure of the lattice volume from
that characteristic of the trivalent rare earths) decreases
progressively upon passage from Mn to Cu. ' This indi-
cates a systematic variation of the Ce valence, from
strongly mixed valent (carrying no moment) in CeMnzSi2,
to nearly trivalent in CeCu2Si2. Compounds with T=Cu,
Ag, Au, and Pd have been investigated and have been
shown to exhibit a variety of phenomena. CeCu2Si2 ap-
pears to undergo a superconducting phase transition,
despite the fact that the Ce carries nearly its full magnetic
moment at high temperatures, and that the system exhib-
its the properties of a heavy Fermi liquid at low tempera-
tures. Electrical resistivity measurements indicate the
presence of a moment instability in CePdzSi2, as in

CeCu2Siz, but the absence of such an instability in
CeAuqSi2. On the other hand, magnetic susceptibility
and neutron-diffraction measurements suggest the onset
of antiferromagnetic ordering at T~ =10 K in both
CePd2Si2 and CeAu2Si2.

Motivated in part by the search for other systems which
exhibit heavy-fermion superconductivity, and for clues to
the morphological and electronic properties required for
this phenomenon, we considered it of interest to examine
other members of the CeT2Si2 system. We present here
the results of magnetic susceptibility, electrical resistivity,
and Si nuclear-magnetic-resonance (NMR) shift mea-
surements on CeRu2Si2.

A sample was prepared by arc melting the pure constit-
uents (99.99%-pure Ce, 99.999%-pure Si, and 99.9%-pure
Ru) in an argon atmosphere. The button was flipped

several times and remelted to achieve good homogeneity.
The overall weight loss during melting was less than 1%.
The room-temperature lattice constants of the well-

crystallized sample, a =4.20 A and e =9.81 A, agree very
well with those found in the literature. X-ray diffraction
powder patterns gave no indication of spurious phases
within the resolution (-5%) of the technique.

The magnetic susceptibility was measured at -1.5 kOe
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FIG. 1. Temperature dependence of the measured susceptibil-

ity g (T) and inverse-corrected magnetic susceptibility g, (T)
of CeRu2Si2. See text for correction procedure. Dashed line:
Curie-gneiss fit to corrected high-temperature data. Susceptibili-

ty of the reference compound LaRupSip is also shovrn. Inset
gives g, {T)below& 30 K.

28 3673 1983 The American Physical Society



I.. C. GUFTA et cl.

between 1.5 and 300 K using a Faraday balance. The elec-
trical resistivity was measured between 1.5 and 300 K on
samples vacuum-cast into suitable shapes (1 mm X2 cm)
and situated in helium gas. Si NMR spectra were ob-
tained for temperatures between 2 and 300 K using a
pulsed spin-echo NMR spectrometer.

The measured susceptibility X~ is seen to increase
monotonically from 300 to 4 K (Fig. 1), with a particular-
ly slow rate of increase from 10 to 4 K. Below 4 K, X
exhibits a sharp rise with decreasing temperature, which is
presumably due to a small contribution of stable-moment
Ce ions situated on or near grain boundaries or other de-
fects. After correcting for the impurity contribution,
and subtracting the susceptibility of LaRu2Si2 {also shown
in Fig. 1},we obtain the corrected susceptibility X,(1) of
Ce ions in CeCu2Si2. As seen from the plot of X, '(T) in
Fig. 1, X, is of the Curie-Weiss form X,(T}=C/(7+8)
at high T, with 8=54 K and p,g——2.38p~. Below about
140 K the Curie-gneiss constant decreases with decreasing
temperature, as has been previously observed in other Ce-

ased Kondo-lattice systems such as CeAl3" CeA12 '2

and CeCu2Si2. ' ' Below about 10 K, g, ceases to depend
on temperature (inset to Fig. 1). The presence of crystal-
line electric fields (CEF) cannot alone give rise to a
temperature-independent susceptibility at low tempera-
tures, because of the Kramers degeneracy of the Ce3+

ground state. The saturation of g, at low temperatures is
therefore attributed to spin fluctuations arising from ei-
ther Kondo or valence fluctuations, or a combination of
the two. We can estimate the spin-fluctuation tempera-
ture T,~ at T=O by noting that it typically scales with
C/X(0). ' For CeRu2Si2 the value of X,{0)per mole Ce
(Fig. 1) is approximately twice that of CCCuzSi2. Assum-
ing that the two systems have the same CEF ground state,
we obtain T,r-5 K for CCRu2Si2, since T,r-10 K for
CeCu2Si2 from quasielastic neutron scattering measure-
ments.

Si NMR shifts K(1) were measured with respect to
the Al resonance in a saturated solution of AIC11, as-
suming the ratio of gyromagnetic ratios y(2 Si)/y{ Al) to
be 8.458/11.094.' The temperature dependence of K(T)
is given in Figs. 2 and 3. The overall variation of E(T) is
from 0.10% at room temperature to 0.38% at 2 K. This
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FIG. 2. Dependence of the Si NMR shift K(T) on correct-

ed susceptibility g, (T) in CeRu2Si2, arith temperature as an im-

plicit parameter. Straight line is a least-squares fit to the data.
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FIG. 3. Comparison of the temperature dependences of g, (T)
(dots) and E(T) (crosses). Zero of the scale of E(T) has been

shifted and the ordinate scaled corresponding to the linear

dependence E(J~) sho%'n in Fig. 2.

variation is similar to that seen in CeCu2Si2, ' viz. , from
0.2% at room temperature to 0.6% at 2 K. The linewidth
increases from -5 Oe at room temperature to -35 Oe at
2 K due, to a considerable extent, to unresolved structure
arising from anisotropy of the NMR shift. Figure 2 gives
K(T) as a function of the corrected susceptibility X,(T),
with the temperature as an implicit variable. %ithin the
limits of experimental accuracy the shift is a linear func-
tion of the susceptibility. The measured shift is essentially
independent of temperature below 10 K. This important
feature is clearly seen in Fig. 3, where the temperature
dependence of X,(T) and E(T) are superimposed, with the
ordinate for K(T) shifted and scaled according to the
linear relationship given in Fig. 2. The linearity of E (X,)
and, in particular, the temperature independence of K(T)
at low temperatures, support our conjecture that the up-
turn of X~(T) below 5 K is indeed extrinsic in character,
and hence justify the subtraction procedure for obtaining

X,(1) discussed above. These results also clearly rule out
the possibility of a magnetic phase at low temperatures,
even if it were of a subtle topology which did not register
dramatically, in the magnetic susceptibihty, because such
a phase would almost certainly give rise to a greatly in-
creased NMR shift and/or linewidth.

The fact that 1{.(T) is proportional to X,(T) imphes
that the transferred hyperfine field Hh~ at the Si nucleus is
essentially temperature independent. The magnitude of
Hhr may be evaluated' from the relationship

&( r}=(Hhr/%pa )X,(&),

and is 1.1 kOC/p~. In CeRu2Siz the saturated low-

temperature susceptibility is roughly twice that of
CCCu2Siz. The shift is smaller, however, corresponding to
a smaller hyperfine field in CeRu2Si2. The linearity be-

twceil K alid X, observed foi CcRU2S11 dlstillguishcs 1t

from the weakly mixed-valent systems CeSn3, YbA13, and
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YbCuA1, for which E and X are not proportional at low
temperature. ' This disparity in behavior may reflect ei-
ther the relatively larger spin-fluctuation temperatures in
the latter three systems, or some variation with tempera-
ture of the electronic states which determine the
transferred hyperfine interaction.

A weak maximum in the corrected susceptibility at
—10 K can be seen in Fig. 1 and more clearly in Fig. 3.
On the basis of our present results it is not possible to
determine whether the maximum is a real effect, or an ar-
tifact of the subtraction procedure used to arrive at g, .
Such maxima are frequently observed in mixed-valent ma-
terials at temperatures roughly equal to the characteristic
spin-fluctuation temperature T,r. They are also present
even in the dilute Kondo problem, as revealed by a solu-
tion" of the exact thermodynamic equations of the
Coqblin-Schrieffer model in the case J&1, where J is the
total angular momentum of the impurity spin. In the
latter case the maximum occurs at roughly half the Kon-
do temperature. In discussing systems such as CeRu2Si2
or CeCu2Si2 it becomes an academic exercise to decide be-
tween Kondo behavior or weak mixed valence, since there
is no clear method for distinguishing these experimentally.
Nevertheless, we note that a low-temperature anomaly in
E(X) is observed in three systems, noted above, which are
generally considered weakly mixed valent. This anomaly
is weak in CeCuqSi2 (Ref. 14) and absent in CeRu2Si2.

The temperature dependence of the electrical resistivity
of CeRu2Si2 is shown in Fig. 4. While the anomalous con-
tribution from spin fluctuations is not as large as in the
case of CeCuzSi2 (Ref. 6) and CePd2Siz, (Ref. 5) it is clear-

ly evidenced as a negative curvature in the temperature
range 2—40 K. This excess conductivity could be more
clearly exhibited if it were possible to subtract the phonon
contribution, which is expected to have positive curvature
in the same temperature range. We have no explanation
for the large difference between the magnitudes of the
anomalous contributions to the low-temperature resistivi-
ties of CeRu2Si2 and CeCu2Sir.

Finally, we note that the results presented above estab-
lish CeRuzSi2 as a likely candidate for a heavy-fermion
superconductor, since its properties are quite similar to
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FIG. 4. Temperature dependence of the electrical resistivity
of CeRu2Si2.
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those of CeCu2Si2. This is not the case for other members
of the CeT2Si2 series. One sample of CeRuzSi2 was exam-
ined for superconductivity using an ac susceptibility tech-
nique. No transition was found down to 0.040 K, whereas
the superconducting transition in CeCuzSi2 occurs at
T, -0.6 K. Recent detailed studies' have established,
however, that the superconducting state of CeCuzSi2 is ex-
tremely sensitive to stoichiometry and alloying. Vacancies
vr impurities at the level of a few percent on the Cu sub-
lattice depress T, by an order of magnitude. These results
motivate continuation of the search for superconductivity
in CeRu2Sir samples designed to ensure the integrity of
the Ru sublattice; e.g. , off-stoichiometry samples with a
Ru excess.

'Permanent address: Tata Institute of Fundamental Research,
Bombay 400005, India.

Present address: Equipe de Recherche No. 209 du Centre Na-
tional de la Recherche, 1 place A. Briand, F-92190 Meudon,
France.

D. Rossi, R. Marazza, and R. Ferro, J. Less-Common Met. 66,
17 (1979).

S. Sick, A. Szytula, and J. Leciejewicz, Phys. Status Solidi A
46, K101 (1978).

F. Steglich, J. Aarts, C. B. Bredl, W. Lieke, D. Meschede, W.
Franz, and H. Schafer, Phys. Rev. Lett. 43, 1892 (1979).

B. C. Sales and R. Viswanathan, J. Low Temp. Phys. 23, 449
(1976).

5V. Murgai, S. Raaen, L. C. Gupta, and R. D. Parks, in Valence
Instabilities, edited by P. Wachter and H. Boppart (North-

Holland, Amsterdam, 1982), p. 537.
6W. Franz, A. Griessel, F. Steglich, and D. Wohlleben, Z. Phys.

B 31, 7 (1978).
7B. H. Grier, J. M. Lawrence, V. Murgai, and R. D. Parks (un-

published).
R. Ballestracci and G. Astier, C. R. Acad. Sci. (Paris) Ser. B

286, 109 (1978).
D. E. MacLaughlin, O. Pena, and M. Lysak, Phys. Rev. B 23,

1039 (1981)~

' At low temperatures the corrected susceptibility is assumed to
be constant, and the impurities are assumed to be free Ce'+
ions carrying full moments. The Curie susceptibility of the
impurities, therefore, is g=nC/T, where n is the mole frac-
tion of impurities present and C is the Curie constant for one
mole of Ce ions. This procedure gives a concentration of



I.. C. GUPTA et al.

about 1% free Ce + ions in the particular sample investigated.
~'A. S. Edelstein, C. J. Tranchita, O. D. McMasters, and K. A,

Gschneidner, Solid State Commun. 15, 81 (1974).
~~I. Zoric, J. Markovics, L. Kupferberg, M. Croft, and R. D.

Parks, in Valence Instabilities and Related Narrow Band Phe-

nomena, edited by R. D. Parks (Plenum, New York, 1977), p.
479.

'3S. Horn, E. Holland-Moritz, M. Lowenhaupt, F. Steglich, H.
Scheuer, A. Benoit, and J. Flouquet, Phys. Rev. B 23, 3171
(1981).

~~J. Aarts, F. R. de Boer, and D. E. MacLaughlin, Physica B (in

press).

15See eg J M Lawrence P S Riseborough and R D Par
Rep. Prog. Phys. 44, 1 (1981).

~6G. C. Carter, L. H. Bennett, and D. J. Kahn, Prog. Mater. Sci.
20, 1 (1977).

~~D. E. MacLaughlin, in Valence Eluetuations in Solids, edited

by L. M. Falicov, %'. Hanke, and M. B. Maple (North-
~8V. T. Rajan, Phys. Rev. Lett. S1, 308 (1983).
9M. Ishikawa, H. F. Braun, and J. L. Jorda, Phys. Rev. 8 27,

3092 (1983);H. Spille, U. Rauchschwalbe, and F. Steglich (un-

published); G. R. Stewart, Z. Fisk, and J. 0, %illis, Phys.
Rev. B 28, 172 (1983).


