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Fermi-liquid scaling in the paramagnetic spectral response of the compounds CeSn3 In
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The low-temperature paramagnetic spectra of the compounds CeSn3 —„In, (0&x & 1) show
broad inelastic peaks at energies co; which scale with T,„, the temperature of the maxima in the
bulk susceptibility, and with 1 (T 0) and y ( C/T), in quantitative agreement with Fermi-
liquid relations. The spectra are well described by an analytic function X"(co) for the degenerate
Anderson model. Fits to the data suggest that, if nf=1, the ground-state degeneracy of Ce is
close to 6 (-2J+1).

A number of valence-fluctuation (intermediate va-
lence), Kondo-lattice (heavy-fermion) systems have been
investigated by neutron scattering techniques in recent
years. Valence-fluctuation systems like Ce-Th, ' CeSn3,
and CePd3 (Ref. 2) show broad quasielastic spectral dis-
tributions of half-width typically 25-30 meV at high tem-
peratures (above & 100 K) while at lower temperatures
one observes inelastic humps in the magnetic response, as,
for example, at —40 meV and —55 meV in CeSn3 (Ref.
3) and CeP13, respectively. In another IV system, name-
ly YbA13, the form of the magnetic response at low tem-
perature shows a steplike rise around —32 meV, with the
paramagnetic spectrum extending to &100 meV. 5 In
Kondo-lattice or heavy-fermion systems, i.e., those with
large values of y, such as CeA13, crystal-field excitations
are observed in addition to a relatively narrow (I —0.5
meV) residual quasielastic distribution (as T~ 0 K).
The temperature dependence of the latter follows a T'
law as found also in other heavy-fermion systems
CeCu2Si2 and CeCus. For the latter compound, i.e.,
CeCu6 measurements on a single-crystal sample show
strong Q dependence of the magnetic response due to anti-
ferromagnetic correlations, although the compound does
not order magnetically down to very low temperatures. '

While neutron scattering data are available for a
variety of valence-fluctuation and Kondo-lattice systems,
there have been relatively fewer neutron studies of a given
system as it evolves from a valence fluctuation towards a
Kondo-lattice or heavy-fermion state as a function of a
parameter such as the average conduction electron per
atom ratio, as, for example, in systems like CePds-„Ag„
(Ref. 11) and CeSn3 „In„.' ' The latter system is par-
ticularly interesting as it shows a homogeneous evolution
from the IV state of the Sn-rich end towards Kondo-
lattice behavior for x ~ 1.9. In the region x ~ 1, the sus-
ceptibility and electronic specific-heat coefficient y (Ref.
14) as well as T,„, the temperature of the maximum in
the bulk susceptibility vary roughly linearly with x. Also
X(0), the magnitude of Z as T~0 K, and y, the
coefficien of the linear (electronic) term in the specific
heat, attain their maximum values around x 1.1 [y
varies from 60 m Jmole ' K at x 0 to —270
mJmole 'K at x = l. ll. ' ' The present study is re-
stricted to this concentration range (0 & x & 1) where the
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FIG. 1. The observed spectra S(8,ro) vs co(28-10') at 5 K
for the CeSn3 —„In„compounds with x 0.5, 0.75, and 1.0 as
well as a LaSn2In sample. The arrows indicate the position co; of
the peaks in the spectral distributions.

magnetic properties evolve linearly with x.
The normalized spectra measured at 5 K with the

time-of-flight technique using neutrons of incident energy
50 meV were converted to S(e, ro) after correction of
empty cell scattering in the usual manner. The results
are shown in Fig. 1 for three CeSn3 „In„compounds with
x -0.5, 0.75, and 1.0. Also included in the figure is the
spectrum S(8,co) for a LaSn2In sample measured in an
identical manner, which shows the typical phonon contri-
bution. It is clear that the magnetic scattering in the
cerium-based samples is largely dominant. Phonon
corrections were, however, applied to extract the purely
magnetic contribution using the scaling procedure adopt-
ed previously. The spectra corrected for phonons as well
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as variation of intensity with energy transfer m for fixed
scattering angles 20 using the Ce + form-factor depen-
dence' ' are shown in Fig. 2.

An important question regarding the present results
concerns the origin of the inelastic peaks in these com-
pounds. As pointed out some years ago, the magnetic
resistivity of both CeSn3 and CeSn2In (Ref. 18) bear
strong similarity to the behavior expected for a Kondo sys-
tem in the presence of crystalline electric field (CEF)
splitting hence, naturally, the question arises whether the
observed inelastic peaks represent crystal-field excitations.

However, as discussed previously for CeSn3, it is rather
dificult to reconcile the observed neutron spectra with a
crystal-field description, for in a cubic crystal field the
2J+ 1 (=6) fold degenerate Ce + state should split into a
r, doublet and a I 8 quartet states so that we should ex-
pect to observe both an inelastic as well as a quasielastic
(or elastic) spectral components with relative weights in
the ratio of the appropriate transition probabilities. If we
analyze the observed spectra in terms of the usual func-
tion consisting of Lorentzian quasielastic and inelastic
spectral components, namely,

s(g, ro) =
r r

CO r, I-, r,+ 2+
1 —exp( —co/T) ir I o2+ r02 2~ 1-,2+ (ro+ ro,. ) 2 1,2+ (r0 —ro,. ) ~

U)

C3

(a) (:e Sn ?n„

x = 0.75

where the denominator inside the square brackets is the
detailed balance factor, co; the position of the inelastic
peak, I 0 and I; the half-widths of the quasielastic and in-
elastic components, and A and 8 their respective Kra-
mers-Kronig weights; we find that the ratio A/B for the
x =0.5 and the x =0.75 samples is equal to 5/8 and 3/26,
respectively, while for the CeSn2In sample (x=1) the
best fit is obtained with A =0, i.e., there is negligible qua-
sielastic scattering. We note that there is no resolution
limited elastic magnetic scattering either, as cross checked
by comparison of the elastic cross sections of the various
samples including LaSn2In, taking account of the ap-
propriate incoherent cross sections of Ce, La, In, and Sn.
The absence of the quasielastic (or elastic) magnetic
scattering in the CeSn2In sample clearly rules out

crystal-field interpretation. Indeed, as discussed below,
this conclusion is also consistent with the results of form-
factor measurements on CeSn3 (Ref. 16) and particularly
CeSn2In, ' which show no anisotropy of crystal-field ori-
gin similar to that found, for example, in CeIn3, ' which
has the I 7 doublet ground state.

In Table I we list the values of the energies m; deter-
mined by fits to Eq. (1) and the temperature T,„for the
series of CeSn3 „In„compounds which suggest that
co; —4T,„, in reasonable accord with Schlottmann's cal-
culations. In the latter model the energy co; of the peak
(hump) corresponds to the energy of excitation of the f
electron (hole) to the Fermi sea. Kuramoto and Muller-
Hartmann give a similar interpretation for m; which, ex-
cept for a logarithmic term, is equal to the position sf* of
the renormalized f level relative to the Fermi energy, i.e.,
sf* =co;+In(co;). Alternatively, according to the authors,
the energy m; represents the Kondo temperature T~, as
suggested also by Gunnarson and Schonhammer. Thus,
the results in Table I indicate that the Kondo temperature
T~ is roughly equal to 4 times T,„, the temperature of
the maximum in the susceptibility.

Fermi-liquid relations between X(0), y, and an energy
parameter 4, or Tz (or ro;) have been derived by several
authors. In terms of the Kondo temperature T~(=co;)

(c)
x =0.5

Compound (meV)
Tmax

(K)
i/Tmax
~ 0.5

TABLE I. Positions co; of the inelastic peaks and the temper-
atures T,„of the maxima in the bulk susceptibility for some
Ce-based systems.

10 20 30
U ( rneV)

40
CePd3
CeSn3
CeSn2 5,Inp 5

CeSn2 25Inp. 75

CeSn2In

40~ 5'
18+2~
13~1~
9~1~

640+ 60'
460 ~ 60'
210 ~ 201'

150 ~ 100'

104+ 101'

130 ~ 10
130 ~ 10"
60~ 5h, l

38 ~ 5hi

25~3

4.9
3.6
3.5
3.9
4.0

FIG. 2. S(e, ro) vs ro(28=10') at 5 K for CeSn3 —„In sam-
ples corrected for phonons and Ce + form factor dependence.
The solid curves represent the best fits to the data with nf =1,
N 6, and Ef =9~ 1, 12~ 1, and 16~2 for the x =0.5, 0.75,
and 1.0 samples, respectively. In (a) the dotted and dashed
curves represent the best fits with N =2 and N =14, respectively.

'Reference 4.
Reference 20.

'Reference 21.
Reference 3.

'Reference 22.

Reference 23.
~This work.
"Reference 12.
'Reference 13.
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TABLE II. Predicted and observed values of 6- ~so —sf ~
-co;; hz from susceptibility; 6„ from

specific heat.

Compound
X(0)

(10 emu mole ')
y

(mJ mole ' K 2)
~z

(me V) (meV)
ebs

(me V)

CePd3

CeSn3

CeSn2. 5Ino. 5

CeSn2 25Ino 75

CeSn~ 9In~ ~

CeSn2In

1 4b

1.7'-2.0'
3.3'

5.4'

8.03

8.0"

39'
57~-68"

190"
270"

58-50
41-35

20.0
12.8
8.6
8.6

60
41-35

12.5
8.8

55 ~5d
40~5
18 ~2"
13 1

9~ 1k

'Reference 20.
Reference 21.

'Reference 29.
Reference 4.

'Reference 22.
'Reference 23.

gReference 15.
"Reference 14.
'Reference 3.
'References 12 and 13.
"This work.

Kuramoto and Miiller-Hartmann obtain

2 znf
Z(0) = sin

3+kg Tg N
(2)

Z(0) = p z' ka
nf and y= nf, (3)

where p =(gjpa) J(J+1),nf is the 4f occupancy, and N
the degeneracy of the 4f level. An identical relationship
has been derived by Newns, Hewson, Rasul, and Read
for a resonant f level of bandwidth 6, with T~ replaced by
4 in Eq. (2). For large N(~ 6) or small nf, these reduce
to the Fermi-liquid relations of Ramakrishnan and Sur,
namely,

where
~ so —sf ~

is the energy difl'erence between the re-
normalized f levels f and f '. If we identify this energy
parameter with the observed co s we obtain an excellent
quantitative agreement with the values of X(0) and y as-
suming nf =1. The results are shown in Table II.

The form of the paramagnetic response for the
CeSn3 „In„compounds (0 & x & 1) and particularly that
for CeSn3 (Ref. 3) is qualitatively similar to that calculat-
ed numerically by Schlottmann for an Anderson impuri-
ty in the U limit. Also, single-ion model calculation
of the Anderson Hamiltonian by Cox, Bickers, Wilkens,
and Kuramoto and Kojima ' as well as Gunnarson and
Schonhammer predict a spectral shape similar to that
observed for these compounds. We have attempted to fit
the spectra to the analytic form of X"(ro) given by
Kuramoto and Miiller-Hartmann, namely,

Z'(ro) =C 'sinaln[(1 —u ) +4u sin a]+
~

u
~

——tan
nEf u (u +4sin a) 2

1 —Q

2~u ~sina
(4)

where Ef is a characteristic energy closely related to the
Kondo temperature Tlr, u = ro/Ef, a = rrnf/N, and
C = —,

' (g,~, )'~(J+1).
We have proceeded to fit the data for the CeSn3 „In„

samples keeping a(=nnf/N) constant at various values
corresponding to N=2, 4, 6, or 14 and nf =1. Overall
best fits resulted for a values corresponding to 4 and 6,
while for both N=2 and 14 the resultant spectral shapes
deviate strongly from the observed form, as shown by the
dotted and dashed curves in Fig. 2. Of the two possible
values of N (i.e., 4 or 6) we found that for the energy re-
gion m &Ef the fits were distinctly better for N=6 al-
though, in the low-energy region the fitted curves deviate
slightly below the data points. This, however, is to be ex-
pected since, as pointed out by Kuramoto and Miiller-
Hartmann, their analytical spectral function is accurate
for m & Ef, but gives an underestimate relative to the ex-
act Bethe-ansatz result as co 0. Good fits with N=6

are obtained for all three samples except for small
discrepancies in the low-energy region yielding values of
Ef of 9~1, 12+ 1, and 16+ 2, meV, respectively. We
conclude from the results that the most appropriate value
of the ground-state degeneracy N in this compound is
close to 6, in good agreement with the form-factor studies
of CeSn3 and CeSn2In' ' where no evidence of anisotro-
py of crystal-field origin is found, in contrast to the case of
CeIn3, ' for example, where the amplitudes of the (h 00)
reflections are higher than for the (Okk) reflections con-
sistent with the I 7 doublet ground state in this compound.
The opposite would hold for the case of I 8 quartet.

In conclusion, the present results on the series of
CeSn3-„In„compounds reveal inelastic peaks (humps)
whose energies co; scale quantitatively with X(0) and y (as
well as T~,„) via the Fermi-liquid relations. This,
to our knowledge, is the first demonstration of such a sys-
tematic variation. If the energies m; are identified with
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the Kondo temperature T~ the results suggest that
T~ —4T,„. Finally, the form of the observed spectra can
be reasonably well accounted for by the analytic formula
obtained by Kuramoto and Muller-Hartmann which
leads to the conclusion that, assuming the 4f occupancy
nf = 1, the degeneracy N is close to 6, i.e., the ground state
is fully degenerate.
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