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Abstract

In CeFe,, CeCo, and CeNi, below 100 K, measured values of the lattice constant, thermal expansion coefficient,
intensities of X-ray diffraction lines (hkl) and resistivity exhibit similar anomalies which are closely correlated
with the valence variation of the Ce ion. The intensities of the diffraction lines in the CeCo, and CeNi, samples
suggest that these substances can be considered as a combination of two MgCu, structures with two different
lattice constants a, and a, (a;<a,). The ratio of the numbers of crystal unit cells belonging to the two different
phases is N(a,)/N(a;)=9. We endeavour to give a quantitative explanation of the abnormal variation in the Ce
ion valence with temperature on the basis of the Anderson model applied to an “alloy”, ie. a mixture of two
different phases. The anomalous behaviour of the Ce valence vs. temperature is also described on the basis of

the phenomenological model of a “dynamic alloy”.

1. Introduction

Certain rare earth (R) atoms in solids can exhibit
fluctuations between two adjacent integral valence
states. These valence fluctuations cause fractional oc-
cupation of the 4f” and 4f"*! configurations. Lattice
constant measurement is one of the most frequently
used methods to estimate the valence of non-integral
valence materials. This technique assumes a linear
dependence between lattice constant and valence. This
procedure used for obtaining the accurate value of the
valence seems to be questionable, especially for Ce,
owing to the fact that (i) the hypothetical tetravalent
lattice constant is unknown and (ii) the valence-volume
relationship of R systems with fractional valence is non-
linear because of the existence of strain energy [1]
leading to visible differences between the bulk moduli
of the two different valence states. However, this method
is useful for investigating the relative changes in Ce
ion valence as a function of T. The valence of Ce often
shows a temperature dependence between 300 K and
liquid helium temperature, though this dependence is
relatively small. The absolute change in the valence of
Ce, Av, investigated as a function of T, e.g. in CeCu,Si,,
CeCu, and CeAl; [2], is not larger than 0.01. These
temperature dependences of the valences exhibit char-
acteristic non-linearities which may be related eg. to
resistivity anomalies [2]. Rohler [2] suggests that they
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reflect the various crystal field schemes of the 4f' Hund
rule ground states.

In ref. 3 Pott et al. try to extract the valence of Yb
in YbPd and its temperature dependence from lattice
constant and thermal expansion anomalies. Below about
110 K the values differ substantially from those obtained
from L,; absorption edges. The falsification of the
valence determination via the volume anomaly in YbPd
is probably due to the strong temperature dependence
of the fluctuation temperature [3]; however, the two
valence measurements show a similar temperature char-
acter below about 130 K. X-ray absorption spectroscopy
(XAS) at the L;;; edge has been widely used to study
intermediate valent materials. In mixed valent rare
earth systems a characteristic double-white-line feature
is associated with the presence of 2p°4f' and 2p°4f°
states and the average valence is simply obtained from
the relative intensity of the two edges. In ref. 4, L,
edge spectroscopy on intermediate valent compounds
is discussed in the framework of the single-impurity
model. It was shown in ref. 4 that although the ratio
of the intensities of the two structures at the Ly; edge
is not rigorously equal to the 4f occupation number,
the respective intensities of these structures are never-
theless proportional to the 4f occupation number and
thus reflect the electronic configuration in the ground
state. The L;;; edge gives room temperature values of
the valence of Ce ions in CeM, as 3.30, 3.27 and 3.26
for M=Fe, Co and Ni respectively [2].

In this paper we study the structural properties of
the strongly mixed valent CeM, compounds (M =Fe,
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Co, Ni). The most important result presented here is
the abnormal temperature dependence of the lattice
parameter of CeM, (M = Fe, Co, Ni). This effect appears
to be closely correlated with other abnormal phenomena,
also presented here, such as the temperature depen-
dence of the thermal expansion coefficient, the intensity
anomaly of the Bragg (hkl) lines and the resistivity
anomaly. The measured anomalies in our opinion should
have a common origin, but it is difficult to establish
a common mechanism describing them adequately.

The appearance of additional diffraction lines suggests
that the CeNi, sample contains two phases with the
same crystal structure but with different lattice constants.
In CeCo, the Bragg lines of the diffraction pattern are
distinctly asymmetrical at room temperature and below,
but in CeFe, all the diffraction lines become clearly
asymmetrical below 200 K. Assuming also that CeCo,
and CeFe, are two-component alloys, one can estimate
the lattice parameters a, of the second phases, which
are smaller than the lattice parameters a, of the main
phases. Generally the CeM, samples can be considered
as a special kind of “alloy”. The qualitative calculations
presented here, based on the Anderson model and
using this argument, lead to the appearance of the
mentioned valence anomaly in CeNi,, which is in qual-
itative agreement with our measurements.

The second suggestion is based on Wohlleben’s pos-
tulation of a “dynamic alloy” [1, 5]. Using this approach
to calculate the valence of the Ce ion, assuming a
temperature dependence of the fluctuation temperature
T;, an anomalous behaviour of valence vs. temperature
can also be found. In this work the valence change is
assumed to be proportional to the change in the lattice
parameter, Aa, of the Ce alloy with respect to the
reference YNi,. The form of the temperature depen-
dence of T, which fits the measured valence, is very
similar to that of the temperature dependence of the
thermal expansion coefficient Aa. Hence it would seem
that the fluctuation temperature T is strongly correlated
with the thermal expansion of the lattice, in agreement
with the results of ref. 1.

2. Sample preparation

The alloys studied (YCo,, YNi,, CeFe,, CeCo,, CeNi,)
were prepared by argon arc melting of the constituent
metals, remelted several times and then homogenized
at 600 °C for 2 days, at 700 °C for 2 days and finally
at 800 °C for 1 week.

X-ray diffraction patterns confirm that the compounds
YCo,, YNi, and CeM, (M=Fe, Co, Ni) crystallize in
the cubic MgCu, structure. All the diffraction peaks
of the CeCo, and CeNi, samples between T=4.2 K
and room temperature are asymmetrical (Fig. 1). The

50'1

-~
o
1
-
n
-~
=

~
(=]
1 1

Intensity {arb. units.)
w
o
i

—_
(=]
L

D A el 8
97.20 98.20 99.20 100.20
(a) 28 (degree)
2807
E 2101
o
Kl
G 10
Q
E
701
0-Hag="" ST
885 890 895 90.0
(b) 28 (degree)
1
- J C@FEZ
T2 T=200K
=2 .
he (51,1}
s
.
:“7"
[ =
2 104
=
0 et Sttt
86.30 86.70 8710 8750
(c) 2 8{degree)

Fig. 1. Pearson-type distribution of the symmetrical Ko; and Ko,
lines compared with the experimental profiles for (a) the (440)
Bragg line of CeNi, at T=7 K, (b) the (511) diffraction line of
CeCo, measured at room temperature and (c) the (511) line of
CeFe, at T=200 K. The R factor equals 7% in all cases. Weak
lines located near the main maximum are identified with the
second phases in the CeFe,, CeNi, and CeCo, alloys.

Bragg lines of CeFe, show a pronounced asymmetry
at liquid nitrogen and liquid helium temperatures

(Fig. 1).
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3. Structural investigations

All the measurements were performed with an X-
ray powder diffractometer using Fe Ka radiation. To
obtain the profile of a line at room temperature and
below, every reflection was measured by a scan method
in which the counter was moved in steps of 0.01° and
the counting time for each point was 10 s. Next the
measured intensity lines were approximated by Pearson’s
function (VII type) [6]

I(calc)= Y, Iok[1+(21/m*—1)(2@x—722&) ]_ 1)

where I, is the maximum intensity at 2@, for each
of the k lines in the region of overlap, 20, is the
calculated position of the Bragg peak corrected for the
zero-point shift of the counter, A, is the halfwidth at
half-height and m, is the shape factor. The full width
2A is © dependent and the following relation given by
Cagliotti et al. [7] was assumed:

(2A)’=A tan*@+B tan O+C (2)

This formula also takes into account the peak broadening
resulting from the particle size effect.

The asymmetrical peaks observed in the CeM, dif-
fraction patterns at room temperature and below in-
dicate the presence of a second Ce-M phase of the
MgCu, structure with very similar lattice parameters.
Since the structural differences between the two phases
are small, a more sophisticated method was applied
for analysis of the profile of the diffracted lines.

In our case the best results were obtained in the
interval 1<m <2. For the Ke, profile the intensity was
taken as one-half of that for the Ka, profile, while all
other parameters were the same as used in the Ko,
profile. Pearson-type distributions were fitted to the
experimental profiles by a least-squares method. The
programme for minimizing the difference

R= 3 = li(em) - I(calo)F ©)
where o; is the standard deviation of I(exp), uses the
non-linear least-squares procedure employed in MINSQ
[8]. The calculations do not take into account the
preferred orientation correction. This effect appears to
be small when a flat sample holder is used in X-ray
diffraction. The best fit to the form of every (hkl) line
for CeM, with deviation less than 10% was obtained
by considering two symmetrical Ko, components of
nearly lorentzian shape with the approximate intensity
ratio 90:10. The same ratio of two proper Ke, lines
in the region of overlap (Fig. 1) was assumed. The
lattice constants a of the CeM, alloys and of the related
second phases were investigated at room temperature

by the Debye-Scherrer method, extrapolating
Ap(cos’@,,) to the value corresponding to cos’@, =0.
In the plot of a as a function of atomic number of M
a minimum was noted at CeCo, (a(CeFe,)=7.301 A,
a(CeCo,)=7.162 A, a(CeNi,)=7.213 A), which is ab-
normal.

We estimate the uncertainty in this experiment to
be Aa=8x10"* A for the lattice parameters of the
main phase of CeM, and 2x10~* A for the second
phase. The lattice constants of the second phase are
a,(CeNi,)=7.193 A and a,(CeCo,) =7.162 A. For CeFe,
the lattice parameter of the second phase (a,) was not
identified at room temperature, because all the dif-
fraction lines of the diffraction pattern were nearly
symmetrical. However, at lower temperatures the lines
became asymmetrical. Calculation of the lattice pa-
rameter of the second phase was possible in this case,
eg. at 200 K the numerical deconvolution procedure
of every Bragg line gave the lattice parameter a, as
smaller than a, by about 0.007 A. Unfortunately, in
CeFe, the synonymous interpretation of the diffraction
(hkl) lines seems to be more difficult. CeFe, is fer-
romagnetically ordered below T,=235 K [9] and the
magnetostriction volume effects [10] observed below
the Curie temperature also suggest tetragonal distortion.

For determining the lattice constant a,,, as a function
of T, only one (hkl) line was used. The sample was
cooled in a conventional *He continuous flow cryostat.
The temperature was controlled to within +0.3 K for
each diffraction peak scan.

Figure 2 shows a,,, as a function of temperature for
CeFe,, CeCo, and CeNi,. The broken curve shows the
temperature dependence of the lattice constant as
predicted by the Debye theory, where the coefficient
of linear thermal expansion is given by

K,
o= SHL @

Here ¢, is the specific heat and X, and y, =d(In @)/
d(In V) are the isothermal compressibility and Griineisen
constant respectively. It is assumed that the crystal
lattice parameters (K, , ¥, ) are temperature independent
and K,y /3V=a,,,/c.=A at room temperature, while
Qerp(T) =c(T)A below room temperature. Below 80 K
the behaviour of the compounds under study is similar
and quite abnormal. The lattice parameter of CeM,
(M =Fe, Co, Ni) at low temperatures exhibits an anom-
alous increase compared with YNi, [11] and also with
the lattice parameter calculated using eqn. (4). (For
CeFe, two abnormal changes in the lattice parameter
are observed: the first at T, is due to the magnetic
transition; the second at 90 K is discussed in this work.)

The experimental uncertainty Aa=8x10"* A is
smaller than the lattice constant increments Ag=
Qexp—Acaic- The coeflicient of linear thermal expansion,
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Fig. 2. Lattice parameter a of CeFe, CeNi, and CeCo, vs.
temperature. The broken curve is calculated on the basis of eqn.
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Fig. 3. Thermal expansion coefficient @ of CeNi, and YNi,
(continuous curves) and the difference Aa vs. temperature.

a=(1/a)da/dT, for CeNi, and YNi, and the difference
Aa=a(CeNi,)— a(YNi,) obtained by smoothing the
a(T) data are shown in Fig. 3. Aa is negative between
40 and 80 K. This is typical for intermediate valent
Ce (and Yb) compounds (Ce,La, _,Al, [12], CeAl, [13],
YbPd [3]), which with increasing temperature show a
valence shift towards the tetravalent (trivalent) state.

The valence change of CeNi, derived from lattice
constants and presented in Fig. 4 substantiates well
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Fig. 4. Valence v vs. temperature as derived from Vegard’s rule
for CeNi,.

the negative thermal expansion between 0 and 100 K.
To obtain the curve presented in Fig. 4, the temperature
dependence of the lattice constants of CeNi, and YNi,
(reference compound) was measured. These substances
have almost the same Debye temperature @p, so the
difference between lattice constants, a(CeNi,)—
a(YNL,), can be scaled, assuming the valence of Ce in
CeNi, at T=300 K to be 3.20 (average value deduced
from various L;; XAS edge measurements [2]). This
procedure leads to the appearance of a pronounced
cusp in the valence dependence of the Ce ion in CeNi,
vs. temperature, which is seen in Fig. 4. It is noteworthy
that both the intensity of the weak line numerically
separated from the (hkl) diffraction line and its dif-
fraction angle observed in CeNi, and CeCo, show a
similar temperature dependence. These results suggest
the existence of an additional CeM, phase of the MgCu,
type. Previous structural investigations of CeNi, [14]
show the collapse of the volume of a unit cell as a
function of the stoichiometric composition. This study
indicated a very sharp step of the order of 0.02 A in
the lattice spacing vs. concentration across the phase
field of CeNi,. Schield et al.’s paper [14] suggests that
the formation of high concentrations of substitutional
vacancies is a general feature of cerium intermediate
phases. We think that the two lattice parameters in
the CeM, series reflect the two phases on either side
of the volume collapse observed in ref. 14.

Figure 5 shows AV/V for CeM, at T=5 K vs. the
valence of Ce obtained from L,; X-ray absorption
spectra [2] at 300 K. AV is defined as the difference
between the experimental volume of the unit cell and
the calculated volume at the same temperature. The
compounds show an increase in AV/V with increasing
atomic radius of the M element, as expected.

In Fig. 6 we show the temperature dependence of
the Bragg (kkl) line intensities / of CeNi, and CeCo,.
The continuous curves are calculated from the relation

sin?@
A2

I=1, exp[~2B(T)] &)
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Fig. 6. Intensity of the (hkl) Ka; Bragg line vs. temperature for
(a) CeNi, and (b) CeCo,. The calculated intensities vs. T are
presented as curves.

where sin?@(T)/A*=3(h*+k*+1%)/aZ,(T); the calcu-
lated curve is normalized to the experimental one at
300 K. In terms of the Debye lattice vibration model
the Debye—Waller factor was calculated from

o8 e
Ob) gy L [ 29
@(T)—m—x[ey_l )

where m is the average atomic mass and 6 is the
Debye temperature, which for CeNi, and CeCo, is
known from low temperature specific heat investigations
[15]. Uncertainty bars in Fig. 6 equal to the R value
(10%) of the intensity of the (hkl) line at all T were
assumed. Both CeNi, and CeCo, show a deviation
between the calculated and measured intensities below
80 K, which can be interpreted as being due to a
change in the Ce valence. These results are in good
agreement with the lattice thermal expansion mea-
surements.

The intensity I, is proportional to the square of the
modulus of the structure factor F of CeM, given by

8
FUkD = fd S expl2ami(hu, + kv, + w,,))
n=1

16
+fED S exp[2mi(hu, + kv, + ;)] (8)
i=1

where f, is the atomic scattering factor. As proof, we
calculated the average valence of Ce’** in CeM, at
room temperature by a least-squares method (eqn. (2))
comparing the calculated structure factors (8) multiplied
by exp(—B sin*6/A?), which include fca..=
fces+ = (fees+ —fLaz+ )V (v is the fractional occupation of
41°), and the experimental structure factor F.,,= (Ixp/
pL.)"?, where p and L, are multiplicity and Lorentz
polarization factors respectively. The scale factor
K= T pir|Flexp/Tnit|Fleare Was taken as the same for all
reflections in every numerical step of the programme.
For the transition metals the real and imaginary com-
ponents of the f correction for the anomalous dispersion
effect of Fe Ka radiation near the atomic absorption
edge were used. The X-ray diffraction experiment gives
v=0.22 for CeNi, and v=0.32 for CeFe,, which appear
to be in good agreement with L;; X-ray absorption
measurements where values of 0.26 and 0.30 respectively
were found.

4. Electrical resistivity

The electrical resistivity was measured in the tem-
perature range between 4.2 K and room temperature
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by the Van der Pauw (d.c.) method. Figure 7 shows
the measured resistivities of the reference compounds
YCo, and YNi, and also of CeCo, and CeNi,. The
results are in agreement with recently published ex-
perimental data [11, 16-18]. The resistivity of CeCo,
is similar to that of CeNi, (and of CeFe, below the
Curie temperature {16]). Unlike YNi,, the electrical
resistivity of YCo, exhibits a fairly large temperature
variation. This anomalous resistivity, which is distinct
from the weakly Pauli paramagnetic YNi, [19], may
reflect the nearly ferromagnetic character of YCo, [20].
When the Co content in the Y-Co compounds is
sufficiently large (as is the case in the concentration
range from YCo; to Y,Co,,), they become magnetically
ordered.

The resistivity of YCo, follows a 72 law below 20
K. The 77 law and the high temperature saturation of
p for YCo, were interpreted in terms of spin fluctuation
theory [21].

On the other hand, the resistivity after subtraction
of the residual resistivity (p—p,) for CeCo, and CeNi,
also shows a T2 dependence below 20 K (Fig. 7), while
the coefficient at T2 is smaller than that of YCo, (Ap/
AT?*=2.5%107? uQ) cm K2 [18]) and equal to 1 X102
uf) cm K2

The form of Ap=p(CeM,)—p(YM,) can also be
predicted by Wohlleben’s “dynamic alloy” model [5].
The increments Ap/v for each CeM, compound are of
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Fig. 7. Total resistivity vs. temperature for RM, samples (R=Y,
Ce; M=Co, Ni).

almost the same order (Ap/v=4 uf) cm % ~1) at higher
temperatures, which is in good agreement with the
value Ap; ,/v=10 pf) cm %' observed for the most
diluted Ce alloys [5, 22].

Figure 8 shows the resistivity increments Ap=
p(CeM,)—p(YM,) as a function of T for the CeM,
alloys, which are similar in form to the resistivity of
CeSn; [23]). The inflection temperature T, is often
comparable with the inverse of the valence fluctuation
lifetime (7;) [24] or with the spin fluctuation temperature
T; in the Fermi liquid model.

For both CeCo, and CeNi, the inflection temperature
Tine=80 K. It is noteworthy that T, coincides well with
the temperature below which abnormal behaviour of the
lattice parameters of CeM, is observed (Figs. 1-3) but
is not comparable with the temperature 7,,, corre-
sponding to the susceptibility maximum (T, > T,).
This disagreement has been reported previously [25].
It was also concluded [21] that T, in the p(T) curve
cannot be attributed to a crystal field effect when
Ting < Toax- In strongly mixed valent compounds the
crystal field excitations are resolved only if the quasi-
elastic linewidth I',g/2 arising from inelastic neutron
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Fig. 8. Resistivity increment Ap of CeNi, and CeCo, corrected
by the resistivity of YNi, and YCo, respectively vs. temperature.
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scattering of the lowest multiplet (I'ge/2=kpT; [26])
is significantly smaller than the 4f crystal field splitting
Acg In CeNi,, Ace is of the order of 300 K [27], ie.
Acr is comparable with or smaller than I72=400 K
(Gottwick et al. [17]).

It is endeavoured to connect the inflection point with
the structural properties of CeNi, (CeM,), which depend
on the change in valence » at liquid nitrogen and liquid
helium temperatures.

5. Discussion

Measurements of the X-ray photoelectron (XPS)
intensity [28] show that the compounds CeM, exhibit
close similarity to the Kondo lattice in the coherent
lattice treatment [29]. Owing to the lattice correlations,
the Kondo resonance is split and a pseudogap near
the Fermi level E=E; appears for temperatures below
the Kondo temperature Ty.

At T=T,_, =0.1Ty the coherence between individual
Kondo sites leads to a situation where the 4f density
of states is almost a constant and the Fermi level E;
lies between the peaks.

It is difficult to make a satisfactory estimate of the
Kondo temperature Ty for CeM, (M=Co, Ni), since
the experimental data are to some extent contradictory.
In ref. 30 two maxima were observed in susceptibility
measurements, the first at 500 K and the second at
about 1100 K.

Since the Kondo temperature is related to the tem-
perature where the susceptibility has a maximum, we
have here two Kondo temperatures. Unfortunately,
thermopower measurements [31] show only one max-
imum in the thermopower at Ty =200 K.

On the other hand, for concentrated Kondo systems
the characteristic temperature T, [32] is given by the
relation

Jn#® Tk

= "% ©)
where J= 2 (Ce), v is the linear coefficient of specific
heat and W, is the Wilson number. The characteristic
temperature T, is related to the Kondo temperature
for the J= 3 case by Ty = 1.29027T, [33, 34]. For small
crystal field splitting (Acp < Tx) the total moment J
contributes to the Kondo-like process. Hewson and
Rasul [35] deduced that the Wilson number increases
with increasing J value. Schlottmann [34], however,
derived for J= 2 and 2 just the opposite situation,
since W; decreases for J> 3. For the case J=2 the
Wilson number W, obtained in ref. 34 is 1.34627.
Estimations give T,= 680 K [32] for y=0.032 J mol*
K~? [36].

From (9) the Kondo temperature can be estimated
as Tx =915 K, hence the coherence temperature T,
for CeM, should be about 92 K. The value of T, =92
K may be identified with the temperature at which
anomalies in the lattice parameter and resistivity are
observed.

The arguments used are only of a speculative nature
and do not take into account the fact that the CeM,
samples show two lattices with the same MgCu, structure
but with different lattice constants. To support this
point of view, a simple qualitative calculation may be
done using the Anderson model [37].

The hamiltonian of the model has the form

where

Zo=E; 2 n§a+ UE ”if+”§— +t2 ng,+ 2 tijci:cjc
i,o i i,o

Lj,o
(i
(11)

and
1=V 2 iwCiot Citofi) (12)

Here E. is the position of the 4f level, U is the Coulomb
repulsion, ¢ is the position of the centre of gravity of
the conduction band, ¢;; is the hopping integral and
is the hybridization parameter responsible for the trans-
fer of the 4f electron to the conduction band and vice
versa. The annihilation (creation) operators related to
the 4f level and conduction band are denoted by f,

) and c,, {c;}) respectively.

The calculation has been performed for the para-
magnetic phase of the model (11) (U= «) and for an
average number of electrons per atom of n = 1.5 (metallic
state) in order to simulate qualitatively a metallic
paramagnet such as CeNi,.

The chemical potential u can be found using the
equation

net+n.=n (13)

where n, .=X(n5°) and (n5°) denote the thermally
averaged occupation numbers with spin o for the 4f
level and conduction band respectively.

Figure 9 shows the temperature dependence of the
average occupation of the conduction band, n. for
several positions of the 4f level E,. At the same time
n. can be identified with the valence (v=4—n, and
ne=n-n.).

The average occupation n. is markedly influenced
by the hybridization parameter V and increases (for a
given E;) as the hybridization parameter increases.

The dependence of n. on the bandwidth of the
conduction band, W (the other parameter constant),
is not so marked. As W increases up to a critical value,
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Fig. 9. Occupation number n. of the conduction band and valence

v vs. temperature for various positions of the 4f level E; (eV):

a, —0.6; b, —0.59; ¢, —0.58; d, —0.57; e, —0.56. The other

parameters are W=2 eV, '=0.2 ¢V and an average number of

electrons per atom of n=1.5.

n. remains constant, but when W increases further, n,
also increases. Several curves presented in Fig. 9 look
similar to the experimental curve in Fig. 4, except for
the more pronounced peak seen in the experiment.
This peak may, however, be caused by the suggested
two-phase state in the sample. To examine such a
possibility, the Anderson model (10) is applied again,
but for a two-component alloy. Really, the experiment
suggests that the CeNi, sample is a “mixture” of two
phases with different lattice constants. Therefore it is
reasonable to assume that each phase of the sample
can be described by the model (10), but with different
parameter sets (t;, W,, V) (i is the phase number; (i=1,
2); E; and U= « are assumed to be the same for both
phases. The probability of finding phase 1 in the sample
is x, while the probability is 1—x for finding phase 2.
Since it was mentioned that the sample probably contains
90% of phase 1 and 10% of phase 2, it is reasonable
to assume that x=0.9. The chemical potential can be
calculated from the condition (averaging over the “alloy”
configurations)

x(nf? +n8)+ (1 -x)nf? +nP)=n (14)

The valence in the model is again the averaged oc-
cupation number (similarly as in (14))

n.=xn®+ (1 —x)n® (15)

where n{",? =n{,?(t, ,, Wi ,, V;,,) and these quantities
.can be calculated i a similar way as above.

Figure 10 shows the valence in this model as a
function of temperature calculated from (15). Since
the lattice constants of the two phases differ only slightly,
only small differences are assumed between the pa-
rameter sets s, and s, (s;,=¢, W, V}); i=1, 2). In fact,
it is sufficient to move up the centre of gravity of the
conduction band of phase 2 with respect to that of

ne v

0.5451 +3.045

0540+ +3.040

0.535 T Y 3.035
0 100 200 300

temperature(K)
Fig. 10. Valence n. of the hypothetical “alloy” vs. temperature
(see (8)). Parameters (in electronvolts): Wy =W,=2 V,=V,=02,
t;=0,1,=0.02, E;= —0.57. Average number of electrons per atom,
n=15.

phase 1, leaving the other parameters unchanged. A
peak is seen in the temperature dependence of n..
Although our considerations are only of a qualitative
nature, they lend plausibility to the hypothesis that the
peak appearing in the valence temperature dependence
(see Figs. 2 and 4) is an effect of “alloying”. The
density of states is markedly dependent on the model
parameters, and when two phases are “mixed”, as in
(14) or (15), at a certain temperature a peak due to
the different shapes of the densities of states of the
“alloy” components appears.

The magnetic susceptibility of such an “alloy” may
also be considered. In this case the calculated suscep-
tibility will show two pronounced maxima similar to
those observed by experiment [30]. It is evident that
the anomalies in the valence and susceptibility are due
to the existing “substructure” of the sample, even in
the case where the parameters of the Anderson model
are far from the Kondo regime.

Another approach may be postulated based on the
“dynamic alloy” theory. Here the valence v of the Ce
ion in a compound is described by the formula [38]

y= [1 + [2 +4 exp( ; f‘}‘:)] exp( T"+ET’;)] (16)

where E, is the interconfigurational excitation energy
(E,=E,.,—E,) and T,=T(T) is the fluctuation tem-
perature. Formula (16) gives a good fit to our exper-
imental curve (Fig. 4) on assuming the T; temperature
dependence presented in Fig. 11. The parameters A
and E, are only very weakly dependent on T and
assumed here to be constant.

On comparing the 7T; temperature dependence (Fig.
11) and Aa(7T) (Fig. 3), it may be seen that in the
“dynamic alloy” theory these two quantities are very
strongly correlated. In other words, the phenomeno-
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Fig. 11. Temperature dependence of the fluctuation temperature
T, which fits, using (9), the experimental curve (Fig. 4). Parameters
(in kelvins): Acg=300, E,=500.

logical fluctuation temperature T is strongly correlated
with the volume temperature dependence of the sample.
Here the two-component “alloy” approach presented
above can also be applied. Then instead of (16) we
should write

=095 +0.1p (17)

with 9 =A%, EQ, TP) (i=1, 2). This approach,
when fitted to our curve (Fig. 4), leads to a T2
temperature behaviour similar to that presented in Fig,
11.

6. Conclusions

(1) The shape of the diffraction lines in the CeM,
(M =Fe, Co, Ni) samples suggests that these substances
can be considered as a combination of two MgCu,
structures with two different lattice constants a, and
a, (a,>a,). The ratio of the numbers of crystal unit
cells belonging to the two different phases is N(a,)/
N(a,)=9.

(2) The CeM, samples are considered in this work
as a special kind of “alloy”.

(3) As proof, the average valences of Ce ions in
CeM, were calculated at room temperature by X-ray
diffraction experiments, comparing the experimental
and calculated structure factors. Good agreement be-
tween the results obtained by the X-ray diffraction
method and L;;; XAS edge was noted.

(4) The lattice parameter of CeM, (M=Fe, Co, Ni)
investigated as a function of T exhibits below about
80 K an anomalous increase compared with YNi,. This
behaviour is similar for the compounds under study
and is abnormal. Moreover, for CeFe, the next abnormal
behaviour of the lattice parameter connected with the

magnetic phase transition at the Curie temperature was
observed. The abnormal change in the volume of CeM,
at low temperatures is explained here by the valence
change of the Ce ion. Both the negative value of the
lattice thermal expansion coefficient and the abnormal
decrease in the intensities of the diffraction lines in
CeM, observed at low temperatures confirm that the
valence of Ce in the “alloy” changes.

(5) A quantitative explanation of the abnormal vari-
ation in the Ce ion valence with temperature is proposed
on the basis of the Anderson model applied to an
“alloy” defined as a mixture of two different CeM,
phases.
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