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The magnetic and transport properties of Lag ¢,,Ni, and Ce, ¢35Ni, are investigated in the temper-
ature range 2 < T <250 K. The magnetic measurements in a magnetic field H <50 kG show an in-
trinsic paramagnetic behavior. They also reveal the existence of foreign magnetic impurities and of
4-6-nm nickel particles, in concentration less than 0.03%. These concentrations are so small that
these defects cannot play any role in the formation of rare-earth vacancies (in concentration 5-7
at. %). An anomalous S-shaped rise of the resistivity has been observed, which we attribute to the
existence of strong scattering of the Ni d conduction electrons by phonons, which dominates the

spin scattering in both compounds.

I. INTRODUCTION

In previous works we have shown that both LaNi, and
CeNi, crystallize with rare-earth vacancies with respect
to the ideal C15-type cubic structure.!”3 Their true
compositions are La, _,Ni, with x =0.078 and 0.097, and
Ce,,Ni, with y=0.015-0.078.

A preliminary magnetic study of Laggy,Ni, and
Ceg 935Ni, (Ref. 3) has shown that La,g,,Ni, is a Pauli
paramagnet, and that the magnetic susceptibility of
Ce, 935Ni, is almost temperature independent because of
the nonmagnetic state of Ce in this compound. These re-
sults are in agreement with prior works.*”® Nevertheless
at low temperature, a deviation from this behavior has
been observed for Ce ¢35Ni,, which we attributed to the
presence of Ce’ " ions dispersed in the matrix.

In this paper we complete this previous study, by mag-
netic measurements performed down to lower tempera-
tures and up to higher magnetic fields, and by electric
resistivity measurements, on the same samples as in Ref.
3. The intrinsic properties are derived and discussed. In
addition, isolated magnetic impurities and Ni precipitates
of a few nanometers are found in both materials. Their
concentrations are deduced from the magnetic measure-
ments and found to be several orders of magnitude small-
er than rare-earth vacancies.

II. EXPERIMENTAL

The preparation and characterization of the samples
are reported in Refs. 1 and 3. The samples were cut from
the ingot to obtain a parallepipedic shape: 1X2X5 mm?>.

The magnetization measurements in a field H <50 kG
were performed in the Laboratoire de Chimie du Solide,
Bordeaux, with a superconducting quantum interference
device (SQUID) magnetometer. The temperature range
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investigated is 1.86 =T =250 K.

The sample resistance was measured by a comparator
bridge method described in Ref. 7 in the range
2=T =300 K. The current and potential leads were spot
welded to the specimen with 0.2-mm-diam gold wires.
The current contacts between the wires and the sample
were small indium drops.

III. RESULTS AND DISCUSSION
A. Magnetic properties

1. Lag. 922Ni2

A typical low-temperature magnetization curve M (H)
is illustrated in Fig. 1. A hysteresis cycle is observed that
vanishes at a temperature T7,=15 K (Fig. 2). This hys-
teresis is associated with a remanent magnetization, evi-
denced by the difference between the field-cooled and
zero-field-cooled magnetization at small magnetic fields
H (see Fig. 2).

A sharp increase of the magnetization M is observed as
a function of H at low fields (a few kG). Above Tf, this
sharp increase is followed by a linear increase of M versus
H up to the highest fields investigated, as is illustrated in
Fig. 3. Below T, however, a non-negligible curvature of
the M (H) curve is observed up to the highest fields (Fig.
1). The sharp increase of M versus H at low fields above
T, suggests a Langevin-type contribution of isolated
magnetic clusters in a superparamagnetic state. Since the
lanthanum is not magnetic, these magnetic clusters are
most likely Ni microprecipitates. If the magnetic mo-
ment p of the clusters is assumed to be the same for all
the clusters (which amounts to assuming that all the Ni
particles have the same size), then the total magnetization
of the material can be written
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FIG. 1. Magnetization curve of Lay,,Ni, at T=1.86 K.
The opening of the hysteresis cycle below the spin freezing tem-
perature is best evidenced in the inset.
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M=NuL
BT

+xpH+M,, . (1)

The first term is the contribution of the Ni particles in
concentration N; L is the Langevin function. The second
term in Eq. (1) represents the contribution of the conduc-
tion electrons, with Y the Pauli susceptibility. Since the
compounds are metallic, the Fermi energy is very large,
compared with the magnetic energy ugH. It follows that
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FIG. 2. Zero-field-cooled (dashed curve, @) and field-cooled
(solid curve, M) magnetization in field H =32 G, measured for
La, ¢,,Ni,.
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FIG. 3. Magnetization curves of Lag 4,,Ni, and Ce, 35Ni,, at
T=200 K. The solid curves are theoretical fits according to the
model reported in the text.

the fields available in our experiments are small enough
to produce a quasilinear change in the occupation num-
bers nt,n!| of conduction electron states, so that the
low-field linear limit x pH is achieved at 50 kG. The last
term M, in Eq. (1) is the contribution from residual
magnetic impurities. For a clearer presentation of the
analysis, it proves useful to make a distinction between
various ranges of temperature.

(a) 100ST <250 K. At such high temperatures
M, =0. It is then possible to fit the experimental data
M (H) according to Eq. (1) with the second member re-
duced to the two first terms only, which still involves the
three fitting parameters N, u, and Xp. To determine
these parameters, we note the linear behavior of M versus
H at high fields (see Fig. 3) arises from the Y H contribu-
tion, u being large enough so that the Langevin function
is close to unity. The slope of M (H) at such high fields
gives a good estimation of ¥p. N and p are then deter-
mined from the low-field region 0 < H <5 kG, where the
Langevin function depends significantly on H. A quanti-
tative agreement with experiment is achieved, for
temperature-independent parameters:

Xp=5.2X10""emu/g ,
u=7.7x10"" erg/G, N=3x10" g7 '.

Such a fit is illustrated in Fig. 3 at 200 K.

The value of yp is lower than the value yp~3X10"°
emu/g published in Ref. 3. This difference is explained
by the fact that dM /dH was deduced from measurements
of M (H) at low fields, in which case not only is dM /dH
altered by the Langevin contribution (not taken into ac-
count in Ref. 3), but also the small signal M (H) is the or-
der of the detection threshold for the vibrating sample
magnetometer used in this prior work. Since the magnet-



ic moment per Ni atom in pure nickel metal is
to=5.36X10"2! erg/G, the moment u corresponds to
Ni clusters made of n =1.4X 10* Ni atoms. Their typical
size s can be estimated through the relation
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with @ =0.352 nm, the lattice parameter for nickel. The
result is s =6.6 nm. The concentration N in Eq. (2) is re-
ported per gram of the material so the fraction of Ni
atoms that have precipitated to form the small Ni clus-
ters in the material is only 2.7X 1074,

(b) T< 100 K. Upon cooling below 100 K, a slight in-
crease of the slope of the magnetization curve at high
field is observed (Fig. 4). This effect is due to the onset of
a significant contribution M, of loose spins associated
with residual impurities.

The criterion for the low-field limit is the same for the
loose spin and the conduction-electron spin (Pauli) sus-
ceptibilities, i.e., ugH /kgT <<1, which condition is
satisfied in the whole range of magnetic fields investigated
for temperatures available in the experiments (7 >1.86
K). Therefore the H and T dependence of M, is given
by the Curie law:

M, =(C,,/T)H , 3)
with
CimzNimSim(Sim+ 1) gizm :“'% /3kB

the Curie constant, provided the molecular-field approxi-
mation (MFA) is valid. Above T, the nonlinear magne-
tization at fields H > 10 kG is small (at most a few per-
cent of the linear part) so that Egs. (1) and (3) are good
approximations. It is then possible to estimate the con-
centration of impurities N, from the contribution
C;n /T to the susceptibility y=dM /dH, at fields H =30
kG, where the contribution from the magnetic clusters to
X 1s negligible.

A quantitative agreement with the data in Fig. 4 is
achieved with C,,=9.17X10™* emu K/mole. We note
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FIG. 4. In field magnetic susceptibility dM /dH measured at
H =35 kG, for Lag ¢4,,Ni, (curve 1) and Ce o35Ni, (curve 2). The
uncertainty in the data is 3X 10”8 emu/g, i.e, the order of mag-
nitude of the radius of the dots in the figure.
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this value of C;,, is in agreement with the value expected
from the existence of the magnetic impurities (mainly
Pr’* and Ce?") in concentrations 0.02 at. % in the metal-
lic lanthanum. Below T, the nonlinear magnetization be-
comes large (see Fig. 1). In this case the analysis of the
magnetization in terms of Egs. (1) and (3) becomes mean-
ingless. The onset of the magnetic irreversibilities at
T;~15 K is characteristic of a spin freezing.

The question then arises whether T is a temperature
of transition to a spin-glass phase, or the blocking tem-
perature of uncorrelated Ni clusters in the presence of a
magnetic anisotropy. It was not possible, with our exper-
imental set up, to investigate any critical behavior of the
magnetic properties in the close vicinity of T, which
would provide an answer to this question. We note, how-
ever, that a cusp in the high-field susceptibility curve in
Fig. 4 is observed at T,. Moreover, a blocking of the
magnetic clusters can only induce a positive contribution
to the slope of dM /dH at high magnetic fields, with
respect to the paramagnetic regime where this contribu-
tion is negligible. The reduction of the slope dM /dH
with respect to the mean-field value, upon cooling below
T, is thus evidence of the freezing of impurity spins. We
thus conclude that T, characterizes a spin-glass-like
freezing of the impurity spins at least, and possibly of the
spins associated to magnetic clusters, too.

2. Ceo' 935Ni2

The magnetic properties of Ce, 935Ni, show the same
features as those of Lag 4,,Ni,. In particular, a hysteresis
cycle is observed at low temperature (see Fig. 5). At high
temperature, the sharp increase of the magnetization as a
function of H, at low fields H =5 kG, is followed by a
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FIG. 5. Magnetization curve of Ceg ¢35sNi, at 7=1.86 K; the
opening of the hysteresis cycle is shown in the inset.
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linear increase of M versus H at higher fields (see Fig. 3).
The magnetization can be written under the form

pH

M=NuL
oV kT

+(xp+x ) H+M,y, 4)

which is the trivial extension of Eq. (1) modified to take
into account that the total electronic magnetic suscepti-
bility, x, is now the addition of the conduction (Pauli)
susceptibility Yp and the f electron susceptibility Xf.s
Like in Lag g,,Ni,, ¥, is well approximated for 7 > 100
K, by the slope of the magnetization curve dM /dH mea-
sured at high field and reported in Fig. 4.

The same analysis of the magnetization curves at low
fields H <10 kG and T =200 K, reported for Lag 4,,Ni,
in the preceding paragraph allowed us to determine the
fitting parameters N and p in Eq. (4). A quantitative
agreement with the magnetization curves at all tempera-
tures 7> 100 K is achieved for

p=2.2x10"" erg/G, N=1.28x10" g~ !, (5

These values compare well with the values of these pa-
rameters in Lagg,,Ni,, so that the magnetic clusters
should have the same origin in both materials, namely
nickel particles. According to Eq. (5), such particles are
in concentration as small as 0.03% and their typical size
is 4.4 nm. The data in Fig. 4 suggest that Y, is constant
at low temperatures, a common feature in many mixed-
valence materials.” A small increase of dM /dH at high
fields is observed upon cooling below 100 K, which can
be attributed to magnetic impurities present in the ceri-
um metal. Assuming that x,(7T)=x,(0) and that Eq. (4)
is satisfied, a quantitative fit of the data in Fig. 4 is
achieved in the whole range Tf <T <100 K, with:

X.(0)=2.16X10"° emu/g ,

(6)
C,n =2%X1073 emu K /mole .

The impurity spin freezing is evidenced by the cusp in
the dM /dH curve in Fig. 4 at T,~30 K. Like in spin
glasses, the application of a magnetic field smears out the
magnetic susceptibility cusp. This is best evidenced by
the reduction in amplitude of the cusp observed in Fig. 4,
with respect to the cusp of the low-field magnetic suscep-
tibility curve observed in Ref. 3.

Let us discuss the intrinsic properties. The magnetiza-
tion remains small at all temperatures, which shows that
the cerium is in a mixed-valence state.

Spectroscopic measurements'®!! suggest a Ce valence
3.24+0.05. Since, however, the valence of Ce ions as de-
duced from such measurements always saturates to
3.35-3.40, a value 3.2 suggests a strong mixed-valence
state.

Above 100 K, Fig. 4 shows that ), is an increasing
function of T, in agreement with previous experiments®
according to which Y, goes through a maximum at
T max =500 K. A scaling law for the ratio T,,,:C /x,.(0)
has been observed for the whole class of cerium mixed-
valence compounds,” namely the same ratio [roughly
T,.x:C/X.(0)=1:1] is approximately observed in
CeSn;,'213 Ce,_,La Be;,!* CeN,"” and CePd,,'® with

A. MAUGER et al. 41

C =0.807 emu K/mole, the free Ce** ion Curie constant.
According to Eq. (5), we find, for the inverse ground-state
susceptibility,

< 17+10K 1)

e

in Ce ¢35Ni,. It follows that the above-mentioned scaling
law also holds for this compound. This observation,
however, only shows that this material is a standard
mixed-valence system and does allow for a measurement
of the valence mixing. On the other hand, such a qualita-
tive measurement is provided by the magnitude of C /x,,
and the value [Eq. (7)] found for Ce g35Ni, is intermedi-
ate between the values 372 and 474 K observed in almost
trivalent compounds CeBe,; (Ref. 14) and CeSnj; (Refs. 12
and 13), respectively, and the value 2956 K met in strong-
ly mixed-valent CeN."> Equation (7) is also consistent
with the fact that x,(T) is essentially constant below 100
K, since the limit T <<C/x,(0) has been reached at such
temperatures.

Let us now analyze impurity effects. The magnetiza-
tion data reported in this work are in quantitative agree-
ment with our previous measurements in Ref. 3 for this
sample. The analysis, however, is different. In Ref. 3, it
implicitly assumed a linear dependence of M versus H for
the magnetic fields investigated. The explicit measure-
ments of M versus H in the present work clearly show
that this assumption is not justified and give evidence of a
Langevin-type contribution of magnetic clusters easily
saturated in magnetic fields. In particular dM /dH
(H —0) is dominated by this Langevin-type contribution
that in the low-field limit, reduces to the Curie law with
an effective Curie constant Nu®/3ks. The confusion be-
tween this Curie constant and C,, led to an overestima-
tion of the impurity concentrations in Ref. 3. Actually
Cin compares very well with the value we have deter-
mined in La, ¢,,Ni, and presumably has the same origin,
i.e., extrinsic impurities.

The value of C;, in Eq. (6) implies that the magnetic
impurity concentration ( <0.03%) is smaller than the va-
cancy concentration by 2 orders of magnitude. There-
fore, Ce vacancies do not favor the formation of Ce** im-
purities. This is a remarkable difference with other
mixed-valence systems like Sm;_, ¥, B! for example,
where V also stands for rare-earth vacancies and favors
the formation of Sm3™.

B. Transport properties

The resistivity curves p(T) for Lajq,,Ni, and
Ce,.935Ni, are reported in Figs. 6 and 7. At T =0, the re-
sidual resistivity p(0) of Lag ¢,,Ni, is larger than that of
CeNi,, although they both are in the range 107 °-10"*
Q cm. This is in agreement with the data reported in Ref.
18 for Ce,_,La Ni, (if one extrapolates to x =1 the data
reported for 0 <x <0.96 in this prior work). The data
for the sample referred as LaNi, in Ref. 18 (although the
stoichiometry is unknown) make possible a more quanti-
tative comparison with our own data for Lay ,,Ni,. The
value of the residual resistivity is larger in our sample
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FIG. 6. Resistivity of Lag 9,,Ni, as a function of temperature.
The arrow indicates the inflection point.

[p(0)=85 puQcm] than in the LaNi, sample of Ref. 18
[p(0)=22 uQ cm]. This p(0) term originates from resid-
ual impurities, local defects, dislocation lines, etc., the
concentrations of which are unknown both in the sample
of Ref. 18 and in our own sample (except the concentra-
tion of rare-earth vacancies in our sample, although as
yet their scattering cross section is not known). As a
consequence, we cannot comment on this difference in
p(0) for these two samples. In what follows, attention is
focused on the variation of p as a function of T, which, as
measured by p(T)—p(0), is in good agreement with the
data of Ref. 18. The p(T) curves are s shaped, with an
inflection point at the temperature T;,=100 K for
Lag ¢5;Ni, and T;, =80 K for Ce o35Ni, (see Figs. 6 and
7.
(a) La,gy,Ni,. The curvature d’p/dT? in the range
150<T <300 K is very small. This result is in contrast
to the saturation of the resistivity (negative d’p/dT?) ob-
served and predicted when the electron mean free path
becomes the order of the lattice spacing.!” We can thus
conclude that, although large, the resistivity of Lay o,,Ni,
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FIG. 7. Resistivity of Ce ¢35Ni, as a function of temperature.
The arrow indicates the inflection point.

41 MAGNETIC AND TRANSPORT PROPERTIES OF (La,Ce)Ni, 2311

is still a small fraction of its maximum value below room
temperature. Therefore the Matthiesen’s rule applies,
i.e., the various contributions to p(T) are additive. The
contribution p,(T) from impurity spins and Ni clusters
must be temperature independent in the limit 7>>T,.
Since T, is 1 order of magnitude larger than the spin
freezing temperature T, determined in the previous sec-
tion, the Matthiesen’s rule implies that the spin scattering
does not play any significant role in the s-shaped rise of
the total resistivity. We are thus led to attribute this s
shape to an anomalous phonon scattering due to a large
electron-phonon coupling. Indeed the resistivities of
such lanthanide superconductors as LaAl, are also s
shaped and have the same order of magnitude as
La, 9,,Ni,, in the normal state.’> The same behavior is
observed in a large class of transition-metal superconduc-
tors, including the high-T, A415 structure compounds,
with T, being quite generally of order 100 K.?! Such s-
shaped phonon contributions to the resistivity curves can
be successfully explained and attributed to a rapid depen-
dence of the density of states at the Fermi level, resulting
from a nearly empty or full high—-density-of-states d band
overlaying a low—density-of-states s-p band.”> This con-
dition is fulfilled in Lag,,Ni, since spectroscopic mea-
surements reveal that the 3d band of nickel is nearly
full.2*> We note that it is the transition element (the nickel
in the occurrence) that plays the key role in the transport
properties, at least above T,. The sharp decrease of p
upon cooling below 5 K may be a pretransitional effect in
the vicinity of a superconducting critical temperature T.
Since this effect is observed at temperatures smaller but
comparable to Tf, however, it may also have the same
origin as in reentrant spin glass Sn,_ ,Mn, Te,* i.e., a de-
crease of the spin scattering because of a freezing of the
spin fluctuations at the scale of the mean free path of the
conduction electrons.

(b) Ceyg3sNi,, The same argument as in the case of
La, ¢,,Ni, allows us to rule out the role of the impurity
and Ni cluster spin scattering in the s-shaped rise of p(T)
in Ceg 935Ni,. This anomaly can thus be considered as an
intrinsic property. The same behavior has been observed
in other Ce mixed-valence compounds.” In most cases,
however, the temperature scale of this transport anomaly
(viz., T},) is quite comparable to T',, deduced from the
magnetic susceptibility. For example, in nearly trivalent
CeSn, and CeBe,;, T;,,=100 K, and 150 K, respec-
tively, while T, =140 K;!27!% in strongly mixed-
valence CeN, T, =600 K (Ref. 27) and T,,, =900 K.!*
Since T,, can be chosen as an order of magnitude esti-
mate of the Ce spin fluctuation temperature, it is natural
to attribute the s-shaped rise of the resistivity to a strong
Ce-spin scattering for those compounds where
Ty~ Toax-. In Ceq35Niy, however, such an interpreta-
tion does not hold, because T;, =80 K is very small com-
pared to T,,, =500 K, so that the s shape of p(T) in our
material cannot be attributed to the scattering of the elec-
trons by Ce-spin fluctuations.

An s-shaped resistivity can be, in some cases, a
crystal-field effect, if T, is comparable to the crystal-field
splitting energy A of the 4fI(J=§) ground state of the
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Ce** ions.”*? In mixed-valence compounds, however,
the crystal-field excitation can be resolved only if the
spin-fluctuation line width of the lowest multiplet (com-
parable to T,,,) is significantly smaller than A. There-
fore, an inflection point in the p(T) curve can be attribut-
ed to a crystal-field effect only if T;, >>T, ... When ap-
plied to Ce%%*Ni,, this argument allows us to conclude
that only the inflection point of the magnetic susceptibili-
ty at T~=800 K, suggested by high-temperature measure-
ments of Ref. 6, might be the result of crystal-field effects,
but not the inflection point of p(T) at T;, =80 K.

We are thus led to conclude that the transport anomaly
with T, =80 K in Ce ¢35Ni, has the same origin as in
Lag ¢),Ni,. The fact that T, compares well in La, 4,,Ni,
and Ceg g35Ni, also supports this conclusion. Also, the
resistivity has the same order of magnitude in both ma-
terials, which suggests that the scattering of the free car-
riers by Ce-spin fluctuations is negligible, and supports
that the dominant scattering mechanism is the diffusion
of the conduction electrons by phonons. Moreover, we
have already recalled that the observation of an s-shaped
rise of p(T) because of a strong electron-phonon scatter-
ing still requires that the Fermi level interferes with the d
band, i.e., the transition-metal element plays a key role.
This, again, is supported by the fact that, to our
knowledge, intermetallics with a transition-metal element
are the only cerium mixed-valence compounds that
exhibit such an anomalous transport property
(T, <<T . ); another example in CeRu,, which is most
likely a very strongly mixed-valence system with a Ce-
spin-fluctuation T,,,, > 1000 K,’ while T;, =150 K.%

max
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IV. CONCLUSION

The magnetic study of Lag 4,,Ni, and Ce ¢35Ni, shows
that these compounds are a Pauli paramagnet and a Ce
mixed-valence compound, respectively. It also reveals
the existence of foreign magnetic impurities in concentra-
tion 0.03 at. %, and Ni small particles with typical sizes
4-6 nm and in concentration <0.03%. These values are
2 orders of magnitude smaller than the rare-earth vacan-
cy concentration that is 7.8 at. % for La, 4,,Ni, and 6.5
at. % for Ceg435Ni,. The Ni concentration is so small
that a uniform distribution in the bulk is unlikely. In-
stead, we suspect that the small particles are located near
the surface, and are formed via a surface segregation
mechanism as described for LaNis.>

The transport properties have shown an anomalous s-
shaped rise of the resistivity we attribute to the existence
of a strong electron-phonon interaction. We conclude
that the scattering of the d electrons of nickel by phonons
dominates the behavior of the resistivity in Lag 4,,Ni, and
its nonmagnetic counterpart Ce, ¢35Ni,. This result cor-
roborates the suggestion that the transition metal and the
electron-phonon scattering play a key role in mixed-
valence cerium intermetallics.
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