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Résumé. 2014 Une généralisation dérivée précédemment de la théorie des paramagnons à des structures de bande
quelconques, donnait une bonne description phénoménologique de la variation avec la température de la susceptibilité paramagnétique de CeIn3-xSnx à basse température. On présente ici une discussion complémentaire
à cette étude, qui inclut l’étude de la chaleur spécifique et des applications à d’autres composés comme CeAl3.
La nature de la transition à un état ordonné de basse température, quand elle existe, est aussi discutée comme
pouvant être de type ferro, antiferro, hélimagnétique, excitonique ou supraconducteur. Les applications possibles
en catalyse ou en supraconductivité de pairing triplet sont également examinées.
Abstract.2014A

generalization of the paramagnon theory to arbitrary band structures was previously shown to give
good phenomenologic description of the low temperature dependence of the paramagnetic susceptibility of
CeIn3-xSnx. A discussion is presented here to complemente that study, including examination of the specific
heat and applications to some other compounds like CeAl3. The nature of the low temperature transition to an
ordered state, when it occurs, is also discussed as possibly be of ferro, antiferro, helimagnetic, excitonic or superconducting character. Possible applications to catalysis or triplet pairing superconductivity are examined.
a

1. Introduction.
In a preceding paper [1] (hereafter referred to as (1)), the low temperature dependence of the susceptibility [2] of CeI3-x, Snx, which
of not order (x &#x3E; 0.4), was analysed through a
generalization to arbitrary band shapes of previous
calculations [3] performed for liquid 3He with a single
parabolic band and a spherical Fermi surface.
In both references [1] and [3], the paramagnon
model [4] was used, which describes itinerant, nearly
magnetic Fermi liquids via a strong contact repulsion I among fermions of opposite spins. The reason
for using such a phenomenology in reference [1]
was based upon the general belief [5] that the ground
state properties of mixed valence materials are those
ofnearly magnetic Fermi liquids since, experimentally,
the measured properties exhibit such characteristic
features [5, 6]. Paper (I) recalled that the major
difficulty remains to prove how the real microscopic
Hamiltonian describing those systems can be mapped
to the one of a nearly magnetic Fermi liquid. (I) took
such a mapping for granted and worked out the consequences for the temperature dependence of the
susceptibility. In the present paper, we intend to
present a discussion, including the specific heat
-

(*) Laboratoire associé

au

C.N.R.S.

behaviour of compounds similar

to CeIn3 - xSnx, in
do not pretend to solve the
above of how the real hamiltonian reduces to that of a nearly magnetic Fermi
liquid except for the following remark : it has been
proposed in the literature [7, 5] a Kondo lattice model
to describe these intermediate valence compounds;
the model has, so far, been worked out only at one
dimension and the generalization to 3 dimensions
is not obvious. However, suppose this can be done.
Then it would appear tempting to generalize to the
ground state of the Kondo lattice the conclusions
agreed on in the literature for the ground state of a
Kondo impurity [8] which is, at 0 K, so strongly
antiferromagnetically coupled with a conduction
electron that it appears as non magnetic ; the physical
picture is then the one of conduction electrons
strongly interacting on that nearly magnetic impurity,
i.e. strong spin fluctuations or paramagnons on that
site. If an intermediate valence compound may be
regarded as a lattice of Kondo impurities, it is reasonable to visualize the ground state for T 0 as
a periodic array of nearly magnetic or weakly magnetic impurities, on which sites strong local paramagnons will form, possibly yielding an overall
uniform paramagnon picture to govem the very low

particular CeAl3. We
major question raised
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temperature properties. Again, we do not pretend,
here, to solve that major question ; we rather intend
to examine, within the paramagnon model and with
the help of the known data (for the above systems
and the corresponding ones which do order at low T,
as guides) what is the possible nature of the transition announced by the strong spin fluctuations in
the paramagnetic phase which are an experimental
fact. We also list the possible implications in catalysis or for triplet pairing superconductivity.
The paper is organized as follows ; in section 2
we recall the main results of paper (I) and we deduce
the expected consequences for the field dependence
of the low T specific heat. In section 3, we discuss
the temperature dependence of the zero field specific
heat with particular reference to the CeAl3 case.
In section 4, we raise the question of the nature of
the transition, 5 is devoted to possible applications.
Finally in the conclusion 6 we list a few experiments
which would be most helpful.

2. Recalled results for X (7J and conséquences for
Cl 2.1 LOW TEMPERATURE DEPENDENCE OF THE
SUSCEPTIBILITY.
Paper (I) studied a narrow band
of arbitrary shape, with an arbitrary (although isotropic for simplicity) Fermi surface, for a set of fermions strongly interacting via a strong, contact repul-

sion I between opposite spins, as described in the
paramagnon model [4]. This model is a simplified
version of the Landau Fermi liquid theory with
emphasis put on the spin interaction and where all
Landau parameters other than the first one are
neglected. In that picture the dimensionless interaction I measures the balance between I and the
characteristic energy of the non interacting system EF :

where N(EF) is the density of states at the Fermi
level. The uniform static limit of the R.P.A. dynamic susceptibility is then

where the fluctuation contribution is

are the density of states and its first derivatives at the Fermi level ; F is a combination of these
quantities, which, depending on their signs and
magnitudes, may be positive or negative

N, N’, N"

the other hand x(T
0) --_ x(0) is proportional
to the inverse of the spin fluctuation temperature Tsf,
the characteristic energy of the interacting system,
much smaller than the value in absence of interaction T]F :
on

=

/. is a constant containing the magnetic moment.
Then paper (I) arrived at the formula :

with a (and
and thus :

b) proportional

to the above

quantity

F

(For a parabolic band like in liquid 3He, a (and b)
are negative.) Comparison of formulas (7) with the
data of reference [2] on CeIn; _,Sn, was presented
in paper (I). A linear behaviour of x(T) versus T 2
was shown to hold for various values of x from the
lowest temperature up to 0.3 to 0.4 Tsf. A similar
agreement with the experiment had previously been
found for liquid 3He [9, 3] within a similar temperature range of TITF.
2.2 THE FIELD DEPENDENCE OF THE LOW T SPECIFIC
In the Landau Fermi liquid theory as well
as in the paramagnon theory [3, 4, 10] the specific
heat varies linearly with temperature at the lowest
HEAT.

-

temperature :
where

x (q, co, T )

is the irreducible two particle
susceptibility including fluctuation effects which arise
from emission and reabsorption of spin fluctuations
(paramagnons) by the fermion propagators. Collecting
the most important terms (which would diverge when
I -+ 1) paper (I) showed that (2) yielded

where ; is much enhanced by the interactions

com-

free fermion value. The temperature
pared
variation of the spin susceptibility found above gives,
as a direct consequence, the variation of 1, with an
applied magnetic field, as was already remarked in
reference [3]. Indeed the Maxwell relation :
to the

1111

where M is the

magnetization

and S the entropy

implies :

and thus

(7) and (11) yield :

This is done in the appendix. If only the most divergent term are retained (when I - 1), then one gets :

112 are constant coefficients and a
is the coefficient of the ( - q2) term in a small q expansion of the non interacting susceptibility x°(q, w
0)
(see appendix). This formula implies that C / T decreases
T
when T increases in the interval 0
Tsf/4.5 a
but increases for T &#x3E; Trf/4-5 a. For the parabolic
band of the ’He case, a
1/ 12 and the logarithmic
term in (14) dominates the constant term, and is
negative for all temperatures Tsf and thus C/T
decreases when T increases as observed in liquid
’He [11, 4]. However, for an arbitrary bandshape,
the range of validity of the T’ In T term depends
crucially on the bandshape through the parameter a ;
indeed for sufficiently large a, the positive T3 term
will become dominant even at low temperatures
and only an increase of C/T would be observed
for increasing T. (In the calculation, several T 3
terms other than those mentioned in eq. (14) appear;
but they either involve no enhancement in IIT,,f,
or involve powers of IITF smaller than three. We
have selected in eq. (14) only the most divergent
terms ; the other terms could well be non negligible,
again depending on the details of the band structure
but they do not contain any In T inside their coefficients ; they will just add to the constant 3/2 term
inside the bracket of (14) and will slightly modify
the ranges of T where CIT increases and decreases.)

where ul and

=

=

H and

TS
(when
expressed in units of energy).
Formula (12) contains some important features :
since C(H
0) = T, at the lowest temperatures :
f are

=

varies

quadratically

with H

for fixed temperature.
ii) C(H ) increases (decreases) when H increases
if x(T ) increases (decreases) when T increases.

iii) The magnitude of lC(H )/C(0), although small,
might be measurable for electronic systems while
it was too small to be observed in the liquid ’He
case [3] due to the smallness of the nuclear moment
(contained in H) compared to the electronic one
involved here.
iv) Finally from (12) one could in principle extract
a value for Tsf which ought to be consistent with the
other possible determinations (through x(T
0),
the high T Curie-Weiss law for x(T) etc...).
=

3. The

field temperature variation of the
3 .1 THE SPIN FLUCTUATION EFFECT
BEYOND THE LINEAR REGIME. - The enhanced linear
temperature dependence of the specific heat has been
extensively studied in the paramagnon model for
nearly ferromagnetic Fermi liquids, using a parabolic hand and a spherical Fermi surface [4, 3, 10].
It was shown therein that, since,
zero

specific heat.

-

CeAl... - The low temperature feaCeAl3 plead strongly in favour of the paramagnon picture of a Fermi liquid. The specific heat
varies linearly with T with an extremely large coefficient, and the resistivity varies as T’, again with a
large coefficient, below 100 mK [12]. In reference [13],
the thermal expansion, which is negative and linear
below 200 mK, was attributed to Fermi liquid beha3.2 CASE

oF

tures of

viour,

as was

rature of

the

the observed constancy with tempe-

spectral width of the quasi-elastic magnewhere F is the free energy containing paramagnon tic
scattering peak in a recent inelastic neutron scattereffects, the temperature dependence of C(T) is pro- ing experiment [14].
portional to :
In reference [12], it was shown that the susceptibility exhibits a maximum around 600 mK and tends
to a constant below 100 mK with a shape similar
to the one of the Ce(In, Sn)3 compounds. As we
have seen, this is consistent with the spin fluctuation
The coefficient ,, of the linear T term in C(T) is given picture, i.e. we would suggest that eq. (7) is appliby the T2 dependence of the sum E in (13) which was cable with positive a and b. We have checked that
evaluated in paper (I) to be proportionâl to the temperature variation of x(T) below the maxiT2/(1 - i). Thusis proportional to the logarithm mum in reference [12] is consistent with a quadratic
of the Stoner enhancement In (1 /(l - 1)) as well law T2 ; however, there are only 6 available points
known [4, 3, 10]. We wish to consider the form of on the experimental figure in that range, so that the
the first correction term to the linear term in C(T). analysis cannot be very decisive. More data would
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be extremely helpful in order to perform the same
kind of analysis which was done in paper (I) for
x(T) in Ce(In, Sn)3.
The authors of reference [12] observed an increase
of CIT above 200 mK in CeAl3, which led them to
assert that the paramagnon model is inapplicable,
since that model (when restricted to a parabolic
bandshape) nnpiies a decrease of C/T with increasing
temperaturé However, given a non parabolic bandshape and following paragraph 3.1 above, using
Tr,f - 2 K as estimated for CeA13 in reference [12],
if oc &#x3E; 2.2, we see by eq. (14) that the spin fluctuation
model would predict that CIT should increase above
200 mK. We do not claim that this is what actually
happens in CeA13 since a is unknown; but we do
wish to point out that an observed increase of C/T
with T is not sufficient to rule out the applicability
of the paramagnon model, which, after all, works
so well to describe the other features of the CeAl3
low temperature behaviour. Let us also emphasize
that Pd metal which is commonly considered as
a nearly ferromagnetic metal exhibits a C(T)/T
which also increases with T [15] like for CeAl3.
4. Nature of the transition announced by the strong
spin fluctuations h1 the paramagnetic phase. 41
NEARLY ANTIFERROMAGNETIC CASE COMPARED TO THE
SO far, as well as
NEARLY FERROMAGNETIC CASE.
in paper (I), we have explored the possible nearly
ferromagnetic aspect of paramagnetic intermediate
valence compounds like Celn) -xSnx (x &#x3E; 0.4) and
CeAl3. However, the corresponding ones which do
order at low temperature, namely Celn3 and CeA12,
assume, in the ordered state, an antiferromagnetic
type of order for Celn3 [16] and an incommen-

-

surate antiferromagnetic type with multiple q structure
in CeAl2 [17]. This does not necessarily means that
those which do not order, are nearly antiferromagnetic or nearly helimagnetic, since the near magnetic
spin fluctuation picture is just a phenomenological
picture. However, we wish to make some comments
here in relation with what was said above for the
specific heat.
Nearly antiferromagnetic Fermi liquids [18] behave,
in general, quite differently compared to nearly ferromagnetic ones. For the former case, the mean field
susceptibility diverges for finite wave vector q == qo
0 for the latter case. It then follows
instead of q
(see Ref. [18]) that for small q - qo and small w,
one gets an expansion of XO(q, w) around its maximum
(see (A . 4)) analogous to the one recalled in (A. 3)
for the nearly ferromagnetic case, but in which the
coefficients of w and W2 remains finite [18] except
for very particular Fermi surfaces in contrast with
the divergent coefficients in (A. 3). This absence
of divergence yields [18], firstly a coefficients x of the
linear term in the specific heat which, although
enhanced by spin fluctuations, does not increase
dramatically when Tsf -+ 0, as it does ("-1 In (IIT,,f»
=

in the nearly ferromagnetic case ; secondly, there
is no T’ In T term in the specific heat, but only TI
terms added to the linear T one, whose signs will be
much model dependent. The difficulty in the near
antiferromagnetic transition is that the enhancement
of all properties is (again except for particular Fermi
surfaces) much less than in the near ferromagnetic
case, and one has to keep in mind that the coefficient y in C(T) or the T2 coefficient in the measured
resistivity p(T) are always very large, and thus a near
ferromagnetic picture would seem more relevant.
However, it has been shown [19] that coexistence
of ferro and antiferromagnetic ordering in the ordered
state is possible when the non interacting susceptibility x°(q, 0) 0) has two maxima : one at q 0,
the other one at finite q. So it might be that one or the
other maxima predominates depending on the compounds (for instance depending on the concentration x in CeIn3 _xSnx) ; then, while large spin fluctuations of the nearly ferromagnetic type (i.e. pre0 maximum in x°(q)) show
dominance of the q
in
the
up
paramagnetic çompounds, when the resare such that an ordered
concentrations
pective
it
be
that the maximum at finite
exists
might.
phase
q in x°(q) (if any) becomes predominant and an
antiferromagnetic type of ordering is observed. We
do not claim this is the case in the examples that
we consider here ; we just present feasible explanations
to understand that puzzling point.
=

=

=

4. 2 THE POSSIBILITY OF AN EXCITONIC TRANSITION.
Another possibility which was first suggested by
Anderson (in Ref. [5]) would be an excitonic transition. One has indeed to remember that one physical
picture of the intermediate valence compounds is
the coexistence [5] of an f level with n electrons,
f", and a f"-’1 level from which one electron has
gone to the extended d-s state. Therefore one could
well consider a two-band model with an interaction
between electrons of one band and the holes of
another band. This was partially studied in reference [20]. We do not want to elaborate on that
point, since then one has to enumerate the various
microscopic interactions entering the problem and
their respective balance (see for instance another
discussion in Ref. [21]), but the possibility of an excitonic transition ought to be mentioned here and
more work is needed in that respect.
-

4.3 SUPERCONDUCTING

TRANSITION (TRIPLET PAIRLiquid 3He in its normal phase is
known to exhibit strong spin fluctuations and to be
close to a ferromagnetic instability. It is known that
if paramagnons kill ordinary superconductivity
(s state) (see 2nd of Ref. [4]) they favorize in contrast
triplet pairing superconductivity [22] thus favorizing
the appearance of superfluidity in liquid 3He [22].
After the discovery of the superfluid transition of
liquid ’He one has been searching for a long time
for p wave type superconductivity in metals, in partiING

TYPE).

-
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which

nearly magnetic. I’d was
candidate
but it looks as
good
supposed
if the superconducting temperature is so tiny in
bulk Pd, that it has not been observed so far in the
bulk [23]. On the other hand confined geometries
enhance spin fluctuations [24] and it has been proposed [25] that small grains of Pd might exhibit

cular in those

ones

are

to be a

triplet pairing superconductivity

at a

temperature

which may be reached experimentally; the problem
however remains to have sufficiently pure samples
so that superconductivity could not be killed by

impurities [26].
Recently it

interesting

on

interesting.
as further experiments are concerned,
attention ought to be paid to very low
temperature measurements for the resistivity to
search for triplet pairing superconductivity. On the
other hand low temperature susceptibility measurements (X(T -+ 0)) for small grains would be a useful
guid to verify whether the Stoner enhancement is
indeed much increased in confined geometry which
would favorize catalytic reactions.
To summarize it looks promising to study both
experimentally and theoretically the very low temperature properties of intermediate valence compounds both for bulk compounds and for reduced
dimensionalities.

As far

observed [27] that CeCu2Si2
which exhibit above 0.6 K all features of a nearly
magnetic Fermi liquid with strong spin fluctuations,
switches to a superconducting phase at 0.6 K, thus
possibly corresponding to the observation of triplet
pairing superconductivity induced by enhanced spin
fluctuations; although less clear, a similar situation
may have been observed in YRh4B4 [28].
was

5. Possible application to catalysis.
Some time
ago [29] it was proposed that enhanced spin fluctuations could favorize hydrogenation reactions : the
spin fluctuations of the metallic substrate adsorbed
by the adatom, allows it to overcome the potential
barrier which controls the chemical reaction. Since
spin fluctuations of a nearly magnetic system are
enhanced near a surface [24], if the surface to volume
ratio of the sample is increased by reducing its dimensions, these spin fluctuations may be sufficient to
favorize catalytic reactions. Thus possible catalytic
properties of small grains of intermediate valence
compounds exhibiting strong paramagnons effects
might be of interest to test. That problem might be
all the more interesting to test that it seems that
if valence might be changed by alloying like in
CeIn3-,,Sn,,,, for a given sample, it may also be different depending whether one is close to the surface
(valence measured by photoemission experiments)
or deep in the bulk (X-ray absorption experiments)
as seems to have been observed in CePd3 [30].
-

6. Discussion and conclusion. - The low tempeparamagnetic properties of many intermediate
valence compounds appear to exhibit strong paramagnons feature of nearly magnetic Fermi liquids.
We have concentrated more specially on Ce(In, Sn)3
and CeAl3 compounds. But comparable susceptibility
behaviour is encountered in CeBel3 [31], CeNis [32],
etc... A systematic analysis of x-x impurity versus T 2
like the one of paper (I) on Ce(In, Sn)3 might be
fruitful to be done on CeAl3, CeBel3, CeNils. On
the other hand, specific heat data would be needed
for Celn3-,,Sn., for x &#x3E; 0.4. The Amsterdam
group [33] has performed measurements of C(T)
but only for Ce(In, Sn)3 compounds which order
at low T. Since they have samples for x &#x3E; 0.4 whose
x(T) are similar to the ones of reference [2], it might
rature

to have specific heat measurements
the same samples. For those compounds too
the authors of reference [33] measured the temperature variations of the resistivity ; it would be interesting
to check if the low temperature variation exhibits
an enhanced T2 law like the one observed for
CeAl3 [12]. On the other hand one would need more
points for x(T) versus T below the maximum in
CeAl3. In all cases a comparison between the variation of C(H) and the variation X(T) would be most

be

particular

Acknowledgments. -I have benefited of useful
discussions’ with J. Lawrence, J. Flouquet and of
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in particular R. Lemaire, J. P. Kappler and R. Tournier.
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Note added in prooft.
After this paper was submitted to publication, we received the thesis of
R. Elenbaas [34], where specific heat of paramagnetic
compounds of Celn3-,,Sn., have been measured.
The behaviour looks similar to the CeAl3 case, i.e.
C/T increases with T 2 ; however a quantitative
estimate is difficult to extract due to irreproducible
impurity contributions as seen on the different behaviours of two samples of CeSn3 of figures 5-6 of that
thesis (note that what we call the concentration x
of Sn is called 3 - x in ref. [35], where x is the concentration of In).
-

The calculation of a quantity
Appendix A.
responsible for the temperature dependence of the
specific heat in formula (13) :
-
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For a nearly ferromagnetic Fermi liquid X’(q, (0)
is maximum for 00
0, q 0; its expansion for
small q and 00, with the notation of paper (I) can be
written :
=

=

Recall that qo is an upper cut-off or order kF. The
calculation of K(T - 0) did not exhibit any convergence problem. Instead, the lower limit in the q
integration of L(T -+ 0) should be replaced by
for sake of convergence. That is what introduces a ln T term in the T3 contribution of the
specific heat. The algebra is then straightforward and

,f2-T,

yields :
In contrast for a nearly antiferromagnetic case [16]
0 q --- qo, one
where x°(q, ro) is maximum for ro
has a similar expansion for small m, and small
q - qo
q’ but the coefficient of w and W2 does not
diverge when] q’1 -+ 0 except for very particular
Fermi surfaces [16] :
=

=

Back to the

nearly ferromagnetic

perature expansion of J(T) (with

case, the
(JJ

=

low tem-

Tx) has the

form :

The calculation of J(T
already performed in the
the same notations :

--+ 0) and K(T --+ 0) was
appendix of paper (I) ; with

Back to (13) the integration of over I yields formula (14) of the text.
It is clear that the In T contribution in the T3
term of C(T) arises from the divergent integral in (A. 9)

d3q
q3
J

f

when -

0. This

1 lqlq 3

term comes

from the

x°(q, w). Obviously since in the nearly
antiferromagnetic case lm XO(q, w) does not [16],
in general, diverge where q - 0, the formula analogous to (A. 9) for the nearly antiferromagnetic case
cube of Im

necessitate the introduction of cutand thus, the In T will be absent.
Analogously for local paramagnons, for which
spatial integration has been made in the very definition of x° which thus depends only on m, the formula
will not
off oc

f5

one

had :

analogous
and the
term

we have similarly :

to

one

(A. 8) would yield

corresponding

(( 11- j-loc.)41 4

; then,

once

to

the

a

term

(A. 9)

(1 -- hoc.)
(1
Aoc.)

would

intégration
g

yield

over

Î
loc.

will have been made, the specific heat will have
T3
T
and thé following term
linear term

T
(Tsf)loc.

a

a

.

T
loc.
3
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