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Evidence for valence fluctuation in the CeSn3 compound

A bstract. W e present the experim ental results of m agnetisation, m agnetic susceptibility (at 
norm al pressure and under a pressure of 6 kbar), electrical resistivity and therm al expan­
sión, perform ed on a single sam ple of C eSn3. These m easurem ents were done over the 
tem peratu re range of 1-4 <  T  <  300 K.

W e used an extensión of the R am irez-Falicov theory outlined by Alascio et al to show 
th a t these and previous specific heát and therm opow er results can be related by including 
a  m ixing between the tw o possible Ce configurations.

1. Introduction

Although the reduction of the CeSn3 lattice param eter relative to  the expected valué 
for L n3 + Sn3 has been know n for m ore than forty years (Rossi 1933) and its anom- 
alous m agnetic susceptibility was pointed out fifteen years ago (Ferro-Ruggiero and 
Olcese 1964), it was only a few years ago that this com pound was ‘rediscovered’ by 
solid state physics in the fram ework of the interm edíate valence studies.

The aim of this paper is to collect the experimental evidence on magnetic, therm al 
and transport properties to show that they can all be related, not only qualitatively 
but also quantitatively, using the pattern  of valence fluctuations, as proposed by 
M aple and W ohlleben (1973).

To describe the magnetic and therm al properties, we have used the model devel- 
oped by Alascio et al (1973), which has a similar high- and low -tem perature limit to 
the one by W ohlleben (1976), bu t it takes better account of the 4f Ce level occupancy 
at interm edíate tem peratures.

The accessible Ce configurations are 5d14f1(Ce3 + ) and 5d24f°(Ce4+), with total 
angular m om ents of J  =  5/2 and J  =  0, respectively.

The model was initially proposed as an extensión of the R am irez-Falicov (1971) 
theory of the a-y  transition in Ce to  include the hydridisation effect of the 4f State with 
the conduction band, taking the highly correlated character of the f levels into 
account.

The Ce valence, as a function of tem perature (T ), is given in this model by
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where n is the occupation num ber of the f level and <í> is given in terms of the f level 
param eters by (Coqblin and Blandin 1968):

1 1 t , /l A 2Bn -  E \

where Im t¡j is the imaginary part of the digam m a function. The factor A accounts for 
the hybridisation of the localised and conduction states, and represents the f level 
width described by a Lorentzian distribution. In the interconfigurational fluctuation 
scheme it is connected with the lifetime of the electrón in this level, i.e. t  =  h/A. The 
factor B  denotes the Coulom b interaction between an electrón in the f shell and a hole 
in the conduction band (Falicov and Kim ball 1969).

We can identify 2Bn -  £  with the excitation energy (£ex) of the valence fluctuation 
th eo ry :

2B n (3)

At low tem peratures we consider £ ex to be independent of T, which implies 
neglecting the tem perature variation of n in equation (3). Clearly this approxim ation 
is valid in the range kBT < £ ex where the m easurements are performed.

F rom  equations (1) and (2) it is possible to find the tem perature dependence of n. 
Particularly at T  =  0 it takes the simple form:

n(0) =  ^3 -  ^  ta n -1 rj'j Q  — -  t a n r¡ 

with r¡ = £ ex/A .
A large discussion on the possible valúes of r¡ respecting the valence states in Ce 

and Yb interm etallic com pounds was done by Sales (1977).

2. Experimental results

All the m easurements reported here were performed on a single sample, provided by 
G  O lceset in 1978, to avoid possible discrepancies due to different sample prep- 
arations.

2.1. Magnetic measurements

2.1.1. Magnetisation. The m agnetisation of this com pound was measured by the 
extraction m ethod over different ranges of applied field (H) and tem perature, using the 
facilities of the C R TB T-C N R S of Grenoble. Figure 1 shows the m agnetisation (M) at 
1-5 K  and 4-2 K up to H max = 1 5 0  kG, where the rapid saturation  of the magnetic 
im purities is apparent (the used Ce is 99-95% puré). The M  versus H  dependence of 
CeSn3(MCe) is expected to be linear up to  almost 80 kG , because of the ratio 
x =  /iBH max//cBA ~  8 x 10“ 2 (A =  120 K, as will be evaluated later).

To show that this ‘saturation’ is due to  m agnetic im purities (M¡) and not to an 
effect of change in the Ce valence, in figure 2 we show that the M¡ versus H  depen­
dence (taking M ¡ =  M meas — M Ce) can be described by a Brillouin function, which 
scales the H / T dependence.
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Figure 1. T ota l m agnetisation versus applied field a t T  =  1-5 K  ( • )  and T =  4-2 K  (A). The 
open circles (O) denote the C eSn3 m agnetisation  after sub tracting  th a t due to m agnetic 
im purities from  the results ob tained  for the im pure crystal.

2.1.2. Magnetic susceptibility. The magnetic contribution of im purities has also been 
studied from the variation of the m agnetic susceptibility (y) in the low-tem perature 
range (70 m K  to 4-2 K) where the Ce contribution is negligible and this is displayed in 
figure 3.

Despite the anom alous behaviour below 2 K, probably due to an interaction 
between im purities via the conduction electrons, we can estimate the im purity contri­
bution to the susceptibility in the región (T >  2 K) where the Curie-W eiss law fits.

Figure 4 shows the %(T) results in the range between 4-2 K  and 300 K. The low- 
tem perature enhancem ent is due to im purities as discussed above, and the typical

H / T  IT K’’)

HlkG)

Figure 2. M agnetisation  of the m agnetic im purities (M¡) at T =  1-5 K ( • )  and T =  4-2 K 
(A) versus applied field and sealing of M  with a  B rillouin function of H /T .
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Figure 3. H /M  versus T  in the lower range of tem perature, where the m ain con tribu tion  is 
due to im purities.

interm ediate valence broadened m áxim um  can be located at around 140 K. The de- 
crease of x(T)  at high tem peratures does not follow a Curie law exactly, indicating that 
at 300 K  there is still a change in the Ce valence. The m easurem ent was fitted with the 
function

yXT) = C ,/(T  -  9) + xcAT) + Xo (4)

where C¡ =  0018 e m ú  K  m o l-1 and 0 =  — 3-3 K  account for the im purity contribu­
tion. Xo =  0-5 x  10“ 3 e m ú  m o l-1 is a tem perature-independent contribution discussed 
later.

XcÁT) is given, in the used model (Alascio et al 1973), by:

XcÁT) = C
1

5 f n
ó E ^ \ S

(5)

r(K)

Figure 4. M easured m agnetic susceptibility in the upper range of tem peratu re (O), theor- 
etical fit following equation  (4) (full curve) and XcÁT) con tribu tion  of equation  (5) (broken 
curve) a t norm al pressure.
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where S =  1 -  fn  and the Curie constant is given by C =  N g 2f i j J ( J  +  l)/3/cB 
=  0-805 e m ú  K m o l '1 for Ce (the constants have the classical valúes and J  = 5/2 
and g =  6/7). Since n{T) = 6<I>/(1 +  5Í>), equation (5) results in the expression:

XcÁT)  =
1(2 J  + 1) C 

{2n)2 T  1 +  4® +  5<D:
■Re ip'

where Re i¡/' is the real part of the derivative of the digam m a function and <D(T) is 
the function defined in equation (2).

The limit as T  —> 0 is given b y :

X C e (O )  =
6C S2 A 
n 1 -  n E l .  +  A2

(6)

By fitting equation (4) to the experimental valúes, we obtain £ ex =  350 K  and 
A =  120 K, which means r\ =  2-9 and n(0) =  0-41 corresponding to  a Ce valence of 
u(0) =  3-59. From  equation (6) xce(O) =  0'99 x 10“ 3 e m ú  m o l-1 . We will use these 
valúes of £ ex and A to describe other physical properties of CeSn3, in order to show 
that the model is able to describe not only the m agnetic but also all the m easurements 
we present here, that are connected with the Ce change of valence.

At room  tem perature the occupation num ber obtained with these param eters is 
n(300) =  0-70. This valué will be com pared later with that obtained from the lattice 
param eter.

2.1.3. Pressure effects. We have also studied the pressure effects on the magnetic 
susceptibility by applying a pressure of 6 kbar. The results are shown in figure 5, 
where it is possible to appreciate a similar behaviour to  that found under norm al 
pressure, but with a wider máximum a little shifted towards the higher tem perature. 
The susceptibility valúes áre reduced by a factor of 35% due to the eñect of pressure.

As before, we fit the experimental results by using equation (4) (see the full curve in 
figure 5), obtaining valúes of E'ex = 440 K, A' =  170 K  (i.e. r¡' =  2-6) and 
y'0 — 0-1 x 10_ 3 EMumol_1. F or the magnetic im purities we used the same C¡ and 0

T (K)

Figure 5. M easured susceptibility in the upper range of tem peratu re (O) and theoretical fit 
(full curve) at a pressure of 6 kbar.
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valúes, but a deviation from the proposed Curie-W eiss law is observed because of the 
high m agnetic field applied (H  = 80 kG) whose saturation  effect becomes appreciable 
at low tem peratures.

For T =  0 we get n'( 0) =  0-44, a Ce valence of t/(0) =  3-56 and 
Xce(0) =  0-87 x 10_ 3 EMumol_1, which means a ratio  of A^(0)/Ap =  20 x 10- 6 emu 
mol ~ 1 kbar.

2.2. Transport properties

2.2.1. Electrical resistivity. The resistivity (p) of CeSn3 was measured in the tempera- 
ture range between 4 K and 300 K, giving similar results to those of the previous work 
of Stalinski et al (1973). O ur purpose was to  com pare the tem perature dependence of p 
with the other physical properties when m easured in the same sample.

In figure 6 the raw data  for CeSn3 is shown together with the difference in the 
valúes for LaSn3, to show how the Ce valence change enhances the resistivity.

At room  tem peratures we get p 300 = 35 (ifi cm and at low tem peratures there is a 
residual resistivity of p4.2 =  0-7 nQ cm, similar to that of LaSn3.

Although there is no reliable theoretical description of the valence effect on the 
electrical resistivity, we can make a qualitative com parison of d(Ap)/dt with d n /á T as a 
function of T  where Ap = p(CeSn3) — p(LaSn3). In figure 8 we show valúes of 
d(Ap)/dT and á n /dT  where a clear máxim um  for both relations is seen to appear at 
around 100 K.

Another qualitative com parison can be m ade if we consider the rise of p produced 
by the increment of the Ce m agnetic moment. The coupling between the spin of the 4f 
electrón and the conduction electrón should give a m agnetic resistivity contribution of 
the form:

pm = A nt .

n¡ is generally connected with the magnetic im purity concentration, in this case 
«i =  n(T)  describes the experimental behaviour.
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Figure 6. M easured electrical resistivity of C eSn3 over the range 4-2 K  to 300 K ( • )  and 
the difference from  the reference sam ple of L aS n3(0).
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2.2.2. Thermopower. F or the therm opow er we refer to the measurem ents made on 
another sample (Cooper et al 1971) also prepared by G  Olcese. Here again the lack of 
a theoretical description prevents a qualitative comparison. However, we note the 
coincidence between the tem perature of the máximum therm opow er valué and 
Eex — A =  230 K  (see figure 7). This makes sense if we consider the Seebeck coefficient 
(S) as a measure of the change in the density of states (see equation (7a) below), which 
reaches a máximum at £ cx — A. The large valúes observed allow us to consider S  as 
due only to  dififusion effects (SD).

Assuming that the ‘s’ density of states is approxim ately constant and the mean free 
path is inversely proportional to the ‘f’ density of states (D(), we obtain

(e being the electrón charge) for kBT  «  A and £ ex (Barnard 1972, equation (6.6)).
Using a Lorentzian density of states of width A and centred at £ ex, we obtain 

(in (iV K _1):

which is com pared with the low -tem perature experimental valúes also seen in figure 7.

2.3. Thermal properties

2.3.1. Thermal expansión. The therm al expansión coefficient (a) at tem peratures 
between 1-2 K and 300 K  was measured in our sample by P ott and Schefzyk (1979) 
using the capacitance method, and com pared with that of LaSn3 in order to  obtain the 
contribution due to the Ce valence change as a function of tem perature (see figure 8):

(7a)

(7 b)

a V(T) =  a(CeSn3) — a(LaSn3).

o
o

o

eo,-A=230 K O
O

From equction(7)

o

o 200 ¿00
r i K )

Figure 7. C eSn3 therm opow er over the range 4-2 K  to  400 K  (after C ooper et al 1971). 
N ote  the coincidence of — A =  230 K with the tem peratu re of the m áxim um  and the 
initial slope with the valué ob tained in equation  (7a) (see the text).

MP(F) 10/ 12— Q
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T (K)

Figure 8. T herm al expansión (O), derivatives with respect to  the tem peratu re of the Ce 
valence con tribu tion  to  the electrical resistivity (A) and the calculated derivative with 
respect to the tem peratu re of the occupation  num ber (full curve) versus tem perature.

As this com pound has the cubic structure C u3Au, one can write 
aV(T) =  L _1 d(AL)/dT, where AL is the observed expansión and L  the sample length. 
If we suppose that AL is due only to the Ce change of valence (the Sn therm al 
expansión was subtracted using the data for LaSn3), only one half of the atoms 
contribute to AL, and then

$
AL(T) =  iAn(T) (L3 + -  L 4+). (8)

The factor (L3+ — L 4+) can be obtained considering the Ce ionic radius (r‘) in both 
ionic states (i.e. r¡3+ =  1-034 Á and r f + =  0-94 Á, Olcese 1969) as illustrated in figure 9. 
For the lattice param eter (a) we obtain a3+ =  4-740 Á and a4+ =  4-675 Á, and taking

r, (Á)

Figure 9. The lattice param eter of La com pounds with crystal structure C u 3Au versus 3 + 
ionic radius and Ce4+ ionic radius (after Olcese 1969).
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L  = a N  we finally get (L3 + -  L4+) =  0065 J V Á ( N  being num ber of cells). A n(T) 
between 1-2 K and 300 K  has been evaluated in §2.1.2 to give 0-29, which results in 
AL =  9-42 x 10” 3 Á. This valué is in very good agreement with the measured valué of 
AL =  9-87 x 1 0 -3 A.

2.3.2. Specific heat. The low -tem perature specific heat can be evaluated as Cv =  yT, 
with

y =  j N n 2kl (5(E{) + D(Et)) (9)

where <5(£f) is the conduction band density of states and D(E¡) the broadened 
‘f ’ level contribution, both  at the Fermi energy.

From  LaSn3 we have ^ N n 2k l d ( E f) = 10-96 m J K -2 m ol- 1 (Bucher et al 1968). 
The f level contribution (in m J K -2 m o l-1 ) is (using the valúes obtained in §2.1.2)

=  45-06.
3 3 7r(£ gx +  A )

Substituting into equation (9) we have y = 56 m J K -2 m o l-1 . This valué has to be 
com pared with the experimental one, also measured by Cooper et al (1971),' who 
obtained y =  53 m J K -2 m ol-1 , again in very good agreement with our results.

3. Discussion of results

An accurate analysis of % as T —>0 reveáis the following points.
(i) The enhancem ent of x is essentially due to  im purity effects and is not related to 

the valence of Ce, and the rem anent susceptibility: / meas -  / ¡mp =  xC(,(0) +  xo, has 
zero slope in accordance with the third law of thermodynamics.

(ii) The tem perature-independent term  Xo, has no clear origin. There are probably 
two causes; the band Pauli-like param agnetism  and a Van Vleck contribution due to 
the first L -S  Ce excited level with J  =  7/2. This means that Xo = XP + Xw (the Sn 
contribution is not considered because it is two orders of m agnitude smaller). Taking 
XP =  N  ¿¿B<5(£f) =  /¿I (3/tt2 /c|)y we have (using the y of LaSn3): Xo =  015 x 
10- 3 EMumol-1 , which is similar to /ó- The calculated Van Vleck contribution is 
X w  =  0-25 x 10-  3 e m ú  m o l-1 . This can explain the Xo valué at norm al pressure bu t it 
does imply a very large dependence of the position of the J  =  7/2 level with pressure.

It rem ains an open question as to whether some contribution due to the Stoner 
enhancem ent from the two 5d electrons of the band exists.

We have obtained a pressure dependence of £ ex of A £ ex/A p =  15 K k b a r -1 , 
smaller than the 42 53 K b a r -1 valué proposed for puré Ce (Alascio et al 1972). In a 
previous work (Serení et al 1979) we proposed a general relation between the Ce ionic 
radius and £ ex, valid for a num ber of cubic com pounds. This relation allows us to 
evalúate a sort of compressibility factor for Ce (in b a r -1 ) as foliows:

*ce =  rf 1 (A»*i/Ap) =  r r l (Ari/ A Eex) (A £ex/Ap) =  0-4 x 10 -6

which results in a valué smaller than that m easured on CeSn3 by Beille et al (1977), 
namely 2-3 x 10- 6 b a r -1 , but clearly of the same order of magnitude.

We conclude from this work that a num ber of therm odynam ic properties of CeSn3 
can be com pared successfully with the predictions of a very simple model which has 
already been applied to  puré Ce (Alascio et al 1973). The theoretical model emphasises
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the local picture, considering the sample as an aggregate of f level ions hybridised with 
conduction electrons.

The tem perature dependence of the Ce valence has been shown as being able to be 
described by only two param eters: Eex and A.
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