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Lattice, magnetic, transport, and Ce

L;-edge

spectroscopic measurements on the -

CeMn,(Si;—,Ge,), system are presented. Mixed-valent and low-energy-scale Kondo effects are
shown to thrive within the Mn-moment antiferromagnetically ordered phase in this series. The
Mn-moment ferromagnetically ordered phase in this series, on the other hand, exhibits nearly to
pure Ce*" hard-moment-type behavior. Ce crystalline-electric-field, Kondo, and coherent Kondo

effects occurring in this series are discussed.

I. INTRODUCTION

The phenomena of rare-earth valence mixing, the Kon-
do effect, and heavy-fermion behavior address the
quenching of local (often 4f) moment magnetism through
low-energy-scale interaction with itinerant-band electron-
ic states.!”® A multitude of studies have documented
such phenomena in rare-earth (especially Ce) materials
formed by compounding with elements from wide ranges
of the Periodic Table. Very little work, however, has
been carried out on systems in which the low-energy-
scale (T <100 K) 4f moment quenching coexists with
high-energy-scale (7'>300 K) internal 3d magnetism.
CeMn,Si, has recently been shown to be such a system in
which Ce-valence mixing effects occur at temperatures
well below the Mn antiferromagnetic (AF) ordering tem-
perature (Ty =376 K).* Cr substitution for Mn in this
system dramatically lowers the energy scale for Ce-
moment quenching, and induces a Kondo-heavy-fermion
Ce state with sufficient substitution.’ This alloy study
demonstrated the ability of quite low-energy-scale Ce
spin-flip scattering to thrive within an AF host phase.
However, the incoherent character of Ce scattering and
the suppression of the Mn-AF order by the Cr substitu-
tion were limiting factors in this study. In this paper, we
study the CeMn,(Si; _, Ge, ), system where the Mn mag-
netic ordering temperature remains high (about 310 K)
while the Ce spin-fluctuation temperature scale appears
to be driven down rapidly with increasing x. Moreover,
the preservation of low-temperature coherence, the ap-
pearance of sharp crystalline-electric-field effects and a
transition to Mn-moment ferromagnetism all combine to
make this alloy system unique.

II. EXPERIMENTAL

Polycrystalline samples were prepared by standard arc
furnace techniques. Except the one with x=0.1, all of
the casted resistivity sample rods were annealed in a
quartz tube at 800°C for 5 d, then cooled down to room
temperature. The resistivity p(7) measurements were
performed by a standard four-probe dc technique in a
temperature range of 1.7-300 K. The magnetic moment
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M (T) measurements were made with a superconducting
quantum interference device (SQUID) magnetometer in a
magnetic field up to 50 kOe and a temperature range of
2-400 K. The samples for M (T') measurement were tak-
en from the same resistivity sample rods after the electric
resistivity p(7T) measurements were done. The L; mea-
surement and Ce Lj;-valence determination method has
been described elsewhere.®’ X-ray powder-diffraction
measurements on all samples showed single phase of
body-centered tetragonal crystal structure of the
ThCr,Si, type.

III. RESULTS AND DISCUSSION
A. L;-XAS introduction

L ;-edge x-ray absorption spectroscopy (XAS) has been
proved to be a very valuable tool in determining the
valence in the mixed-valence field.* ! The large number
of unoccupied 5d orbitals in rare-earth atoms produces
(via 2p —5d transition) a prominent peak (the so-called
L ; white line) just above the L3 absorption edge. In ad-
dition, an arctangent-type step function feature, due to
2p; , —continuum transitions, occurs at the L; edge. In
the past, the rapid time scale for the XAS measurement
compared to the intervalence tunneling time has been in-
volved to explain the ‘“‘snapshot” character of the L,
XAS spectrum.

The principle of the Ce valence determination by L ;-
edge XAS can be motivated on a more microscopic level
in the following way. In some Ce compounds there is a
strong hybridization between the 4f level and the
conduction-band states, putting the Ce compounds into a
mixture of the pure |f°) and |f!) states (the mixing of
the |f2) configuration is normally very small because of
the large Coulomb interaction between f electrons). If
the mixing of |f°) is quite large, say, more than 10%,
then we say that the Ce compound is in the mixed-
valence regime. One can, in general, denote the wave
function of the initial state (the state before absorbing a
photon) of the Ce compound by ¥; =a,lf°) +a,[f'). In
the absorption, a 2p; , electron is kicked out by the pho-
ton into the 5d conduction band, leaving behind a 2p;
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hole in the Ce atom. Due to the strong Coulomb interac-
tion C [=7-10 eV (Ref. 11)] between the 2p; ,, hole and
4f electron, the energy level of the final state
Yan,1(~1f1)) is positioned about 7-10 eV below the en-
ergy level of the final states ¥, ol ~|/°)). A simple ma-
trix model calculations can show that the mixing of | f o)
in g, ; and |f') in yg, o is on the order of 0.01 or less.
Here V (=~0.01-0.1 eV) is the hybridization strength.!?
Thus, the transitions of the initial state ¥; of the Ce com-
pound into the final states g, (~|f')) and
Yiin.ol ~ /%)) yield an L; edge, which is a superposition
of two integral valent (f° and f') edges separated by
C=~7-10 eV. The intensities of the f° peak (Ce*t peak)
and the f! peak (Ce*" peak) should be proportional to
lay|? and |a,|?, respectively, with an error of 0.01 or less.
Thus, the weight of each valence configuration (f° or f)
in the initial valence state is evaluated by determining the
spectral weight of the two integral valent edge features
(or peak features) required to model the spectrum and the
Ce L ;-valence value vy can be obtained. One can see that
it is the many-body final-state effect that makes the Ce-
valence measurement possible through L; XAS tech-
nique (with about 1% error). Discussions of similar
final-state effects in XAS measurements have been given
by Fuggle et al.!! and Gunnarson et al.!!

In Fig. 1 (top), we illustrate these ideas by showing the
separate Ce®>" and Ce*t components used to model the
Ce L, spectrum of CeMn,Si, (T'=300 K) (pictured in the
same figure). The details of the fitting procedure have
been discussed elsewhere.” The derived L;-valence value
(vy) for this material is vy;=3.12. Whether the L,
valence is in fact the absolute valence for Ce compounds
is, at present, an outstanding question. However, in
many score of Ce systems, a one-to-one correspondence
has been established between the Ce volume collapse (as-
sociated with Ce valence mixing) and the Ce L;-valence
change. The spirit in which we use the Lj-valence
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FIG. 1. Ce L; absorption spectra of CeMn,(Si,_,Ge, ), com-
pounds superimposed to compair intensity in Ce peak region, all
normalized to the Ce** peak.

values, therefore, is to identify changes in the Ce valence
state.

We display the experimental Ce L; spectra superim-
posed and normalized to the first (Ce®™ related) peak.
With this normalization-superpositions procedure, a
spectra with a higher v; value will lie naturally above a
spectrum with a lower v; value in the energy range of the
second (Ce*" related) peak. In this way, a fitting pro-
cedure independent illustration of the spectrum evolution
associated with Ce valence changes can be seen.

B. L; XAS and lattice parameter results

Shown in Fig. 1 (bottom) is the L; x-ray absorption
spectroscopy for CeMn,(Si; _ , Ge, ),, with all spectra nor-
malized to the low-energy (Ce") spectral peak. A higher
energy (Ce*") peak is clearly evident at x=0.0. This
Ce*”" feature gradually weakens with increasing x and
finally disappears for x >0.6. The Ce L; valence, v;, ob-
tained by our fitting procedure®’ is plotted versus x and
shown in Fig. 2 (bottom). At x =0, v; is 3.12, indicating
that CeMn,Si, is a mixed-valent (MV) compound (for
comparison v3=3.15 for CePd;). With x increasing, v,
rapidly decreases, and beyond x=0.6, it is nearly
trivalent with value v; <3.01.

In previous work we have proposed a MV-Kondo re-
gime borderline nominally in the Ce L;-valence value
range 3.08 <v; <3.10 for the CeT,Si, series with T being
a 3d element (see Ref. 4). This empirical crossover region
corresponds here a narrow range between x =0 and 0.1,
where the v; is changing (with x) most rapidly. We wish
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FIG. 2. (Top) The a and c lattice parameters of the
CeMn,(Si;_,Ge, ), system. Note the linear variations (vs x) of a
and ¢ are indicated by straight (solid) lines. The dashed lines are
guides to the eye highlighting the nonlinear compression in the
a parameter for x <0.5. (Bottom) The Ce L;-valence variation
(v;) for this system. Note the nonlinear increase in v; for
x <0.5 highlighted by the dashed line. Note also the linear,
close to the Ce3* behavior of v; in the x > 0.5 range.
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to note that the v; continues to change in the Kondo re-
gime x =0.1. The notion that the Ce valence would con-
tinue to vary a certain amount in the Kondo regime as
the spin-fluctuation energy scale is varied has been
stressed in a number of recent theoretical works.!> The
division between MV and Kondo regimes is also some-
what arbitrary since the conventional underlying Ander-
son model Hamiltonian can be used (with varying param-
eters) to continuously link the two regimes. A better
sense of the crossover between these two regimes will
emerge from our resistivity results discussed below.

The a and c lattice parameters of this series are also
plotted in Fig. 2 (top). It is typical of 1:2:2 compounds
that the ¢ parameter is insensitive to rare-earth sublattice
atomic radius variations and hence the Vergard’s law
type behavior for ¢ for all x in this system is not unex-
pected. The a parameter in 1:2:2 compounds, on the oth-
er hand, is known to respond to rare-earth radius
changes.!*!> Accordingly, it should be noted that in the
x =2 0.6 range, where v, is nearly constant, the a parame-
ter shows a linear variation; in the x <0.6 range, where
v; shows a nonlinear increase, the a parameter shows an
analogous nonlinear compression. Thus, the valence
variation evidenced by the L; results is excellently sup-
ported by the lattice parameter variations.

C. Magnetic moment and magnetism

1. Phase diagram

Shown in Fig. 3 is the thermal dependence of the mag-
netization M(H,T) in various fields and susceptibility
X(T) for selected samples in the CeMn,(Si,_, Ge, ), sys-
tem. Our magnetic measurements confirm and extend
the work of Siek et al.!® Our magnetic measurements
support the division of the T-x phase diagram of this sys-
tem into the following regions (originally proposed by
Siek et al.).!®

(1) 0.0=x <0.3. In this region, the Mn atoms exhibit
antiferromagnetic order and thus a sharp peak at Ty is
evidenced in the M(T) and x(T) curves [see Figs. 3(a)
and 3(b)]."7 The amount alignment presumably remains
along the c axis as in the x=0.0 material.!”

(2) 0.3=<x =<0.55. In this region the system passes
through three magnetic regimes with decreasing tempera-
ture. First, the high-temperature paramagnetic (PM)
phase transforms to a ferromagnetic (FM) phase at T,.
Then, at a temperature T, (T, <T,), a nonlinear de-
crease from the typical FM M (T) behavior indicates the
development of an AF component in the internal magne-
tization. Since the response to the external field retains a
large FM component for T < T';, the designation of inter-
mediate (IM) phase has been given to this region. Final-
ly, we identify a temperature T, < T, at which one exits
the IM phase and enters a low-temperature AF phase.
T, has been chosen as the point of maximum slope in the
M(T) curve of x=0.4 and as the shoulder in the M (T)
curve of x=0.5.

(3) 0.55<x=<1.0. In this region, a normal PM-FM
transition occurs at T,~310 K [see Fig. 3(c) for x=0.7
example].

If the empirically defined temperatures T, and T,
bounding the IM are in fact second-order phase transi-
tions, then the multicritical (MC) point, where the Ty,
T,, T, and T, lines meet, is a tetracritical point.'"*~2! If
the IM is a two-phase coexistence of AF and FM regions,
then the Ty and T, lines meet at a bicritical point with
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FIG. 3. Temperature dependence of the magnetic susceptibil-
ity x(T) and magnetic moment M (T) of the CeMn,(Si,_,Ge, ),
series under different external field H. Note the decreasing of
Ty with x increasing for x <0.3 in (a) and (b). T, and T, are
defined as the transition temperatures from ferromagnetic to in-
termediate phase and from intermediate to antiferromagnetic
phase, respectively (see the text). The 1/x data were plotted
against T for sample with x=0.0, 0.3, 0.4, and 0.7. The straight,
solid lines through the 1/y data points are the fit
1/x=(T—®,)/C to the data points in the paramagnetism re-
gion, where C and ®, are the Curie constant and paramagnetic
Curie-Weiss temperature, respectively.
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the AF<—FM transition being first order.!*”2! In view of
the very continuous deviation of the M (T) curve from
FM behavior upon cooling below T';, we currently favor
the former of these choices. In either case, the downward
curvature of the Ty(x) and T.(x) lines approaching
x=0.3 is typical of such multicritical points.’* 2! Clear-
ly single-crystal magnetic and neutron-scattering mea-
surements are needed to clarify the IM region of this
phase diagram.

2. Transition temperature and effective moments

In Table I, Ty, T,, Ty, and T, are listed together with
the paramagnetic Curie-Weiss temperature ®,, effective
moment p.g, and the resistivity minimum temperature
T in (discussed below). The ®, and p.q values were ob-
tained by fitting the data to a Curie-Weiss law
xX=C/(T'—®,) on the high-temperature (paramagnetic)
side of 1/x(T) curves. It should be noted that the data
points above Ty extend only about 100 K above Ty.
However, from our previous work on CeMn,Si,,* it is
clear that extending the Curie-Weiss fit to 400 K above
Ty changes ® and p.4 values by only about 3%. Several
features can be seen from Table I and the phase diagram
in Fig. 4. First, the magnetic ordering temperature is
depressed 15% between the Si and Ge end points. Since
the magnetic ordering energy is governed basically by the
in-plane Mn interactions, this effect is presumably due to
the weakening of these interactions accompanying the
volume expansion. Second, both the AF and FM transi-
tion temperatures are depressed anomalously near the
critical concentration (x ~0.3) for AF—FM crossover.
This is presumably due to frustration induced reduction
in the internal field, which accompanies the competing
AF and FM fluctuations. As noted above, such a down-
ward cusp in the ordering temperature is common in sys-
tems which exhibit a AF—FM crossover with a bicriti-
cal or tetracritical point.’®”2! Third, similar to
Ce(Mn, Cr, _),Si, series (see Ref. 5) .+ of the Mn in this

series is much smaller than the 5.9 up of the Mn?*(3d°)
ion and tends to be reduced with increasing Ge substitu-
tion. Fourth (as we will discuss at greater length below),
the closeness of the resistivity minimum T,.;, and T,
(T min < T, always) for 0.3 <x =<0.5 indicates that the Ce
spin-flip scattering is freed up when an AF component to
the Mn magnetization develops.’

For some of the samples, a weak upturn of M (H,T)
was observed at low temperatures (i.e., below 40 K)
which tends to saturate below 2 K). The amplitude of the
M(H,T) enhancement due this upturn is very small, i.e.,
about 0.014 up per formula unit (f.u.) in the AF phase
and about 0.025 pg/f.u. in the FM phase. We believe
that this upturn is due to a small amount of the impuri-
ties CeSi, (1.7 =x =<2.0) (Ref. 22) for which T, lies in the
T=10 K range (x=1.7 and 1.8). Such CeSi, inclusions
could be caused by Mn mass loss in the sample prepara-
tion process since Mn is quite volatile. The concentration
is less than 1% of the Ce atoms by saturation moment es-
timate. No evidence for Ce atoms ordering was observed
for the CeMn,(Si, Ge, _, ), system.

3. Higher magnetic-field response

In an AF material, which exhibits a crossover to FM
order upon alloying and must always be FM or saturated
PM for sufficiently high fields, the higher magnetic-field
response is an interesting question. Accordingly, we plot
in Fig. 5 the M versus H isotherms for selected samples
and temperatures in this system.

In the FM regime, we note the magnetization curves
rise (with increasing field) extremely rapidly in the low-
field (H <1 kOe) region (i.e., see Fig. 5, the x=0.6 and
0.5 curves at T=40 and 150 K, respectively). Domain
and anisotropy effects mask the spontaneous magnetiza-
tion in these measurements. The lack of saturation in the
H > 10 kG range is presumably due to magnetocrystalline
anisotropy effects in our polycrystalline sample. That is,
while these crystallites, with their easy axis parallel to the

TABLE I. Magnetic data for CeMn,(Si,_,Ge,), compounds determined from the tempeature-

dependence measurements of magnetic moment. AF is antiferromagnetic ordering; FM is ferromagnet-
ic ordering; IM is the intermediate phase between antiferromagnetism and ferromagnetism; 7T, is the
Curie ordering temperature; Ty is the Néel temperature; T is the transition temperature from the
FM—IM phase; T, is the transition temperature from the IM— AF phase; T, is the resistivity
minimum temperature; ®, is the paramagnetic-Curie-Weiss temperature; p.q is the effective moment; H
is the applied external field during moment M (T) measurements.

Ty T, T, T, T in o, et H Magnetic
X (K) (K) (K) (K) (K) (K) (up /Mn) (kOe) phase
0.0 376 319 3.28 6.3 AF
0.2 340 294 3.07 10.0 AF
0.3 291 242 288 3.08 20.0 AF
0.3 281 242 296 3.04 1.0 AF
0.4 305 252 204 237 302 3.07 1.0 IM
0.5 310 150 75 147 312 2.81 1.0 IM
0.6 320 320 2.48 0.2 FM
0.7 320 322 2.81 1.0 FM
1.0 316* 316* 2.76* 6.0% FM

2The results of Narasimhan and Szytula et al. for CeMn,Ge, are also represented (Ref. 28).
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FIG. 4. The temperature vs concentrations phase diagram of
the CeMn,(Si,_,Ge, ), system as determined by the magnetic
moment M (T) measurements. The AF, FM, and PM labels
refer to the antiferromagnetic, ferromagnetic, and paramagnetic
phases for the Mn sublattice order. Ty and T, represent the
Mn-AF (Néel) and Mn-FM (Curie) ordering temperature. The
T, and T, dashed curves are defined in text. MC represents the
multicritical point of the magnetic phase transition (see the
text). The dashed region represents the Mn FM-AF crossover
region, or the intermediate phase region in the text.

applied field, saturate quickly the other crystallities re-
quire very large external fields to pull their magnetization
away from the easy direction. For example, the magneti-
zation at 50 kOe (for the x=0.6 sample) is about 2.5
wpp/fu., which is 17% smaller than a saturation moment
gSup=3.0 ug/f.u. (or 2.1 ug/Mn) expected on the basis
of the high temperature p4~2.8 1z/Mn listed in Table I
(note g=2.23 as in CeMn,Si, has been used here).’

Deep within the AF phase the Mn moments are locked
into the large internal field and the magnetization
response to the external field is extremely small. For ex-
ample, see the T=100 K, x=0.3 M (H,T) curve where
the magnetization at 50 kOe is roughly 0.1 pp/f.u. A sin-
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FIG. 5. External magnetic-field dependence of the magnetic
moment M (H) for several samples at different temperatures.
The AF, FM, and IM labels refer to the antiferromagnetic, fer-
romagnetic, and intermediate phases for the Mn sublattice or-
der. The single point (open triangle) at H=20 kOe is for the
x=0.3 sample at T= Ty =291 K [see Fig. 3(b)].
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gle M(H, T) point (open triangle) for the x=0.3 sample at
H=20 kOe and T=Tx,=291 K is included in Fig. 5.
This point indicates a 0.5 ug/f.u. response of the sample
to a 20 kOe field at this temperature. This ferromagneti-
cally enhanced large response is due to the fact that the
underlying interactions, which set the transition energy
scale, are ferromagnetic. Also, the crossover to FM ini-
tial ordering occurs very close to x=0.3 so that upon or-
dering this sample is, in fact, on the verge of a FM state.

At low fields the sample with x=0.4 at T=150 K is
within what we have called the AF phase. However, it is
just below the temperature T,, which we have associated
with the exit from the intermediate phase. We note in
Fig. 5 that the magnetization curve for this sample shows
a greatly enhanced response (0.7 ug/f.u. at 50 kOe) com-
pared to that in the true AF phase. The continuous evo-
lution toward ferromagnetism, which occurs in the IM
with increasing T, is illustrated by the magnetization of
the same x=0.4 at 7=230 K (in the IM) in Fig. 5. By 50
kOe, this curve has attained a value essentially as large as
seen in the FM region, however, the lower-field response
is more spread out. Presumably, a continuous field in-
duced reduction of the AF order parameter is involved
here.

D. Resistivity results

1. x dependence

A number of competing effects combine to give a
wealth of different structures in the temperature and con-
centration dependences of the resistivity in this alloy
series. Before discussing the more complicated thermal
variation, we will address first the somewhat simpler
resistivity variation across the series at high (=270 K)
and low (T=2 K) temperature (see Fig. 6). Both of these
p(x) curves exhibit similar structure, i.e., a pronounced
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FIG. 6. The resistivity, p, of polycrystalline samples in the
CeMn,(Si, -, Ge, ), system at 270 and 2 K. The lines connecting
the experimental points are solid, dotted, and dashed in the an-
tiferromagnetic (AF), intermediate (IM), and ferromagnetic
(FM) phases of the series, respectively. Here the phase diagram
results, i.e., Fig. 4, have been used.
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increase from x=0.0 to a maximum at x=0.2, followed
by large drop to a low and almost concentration-
independent value above x=0.5. This sort of behavior
has been observed a number of times before in a system
which can be driven (by alloying or pressure) from an
MV to Kondo regime’*?* [e.g., Ce(Pd,Ag); or
Ce(Rh,Pd);B]. Specifically, the behavior is the overall
resistivity in the Kondo regime rises rapidly as the MV
regime is approached (in this case this is as x varies from
1.0 toward 0.1), the resistivity peaks (at x=0.2 here) quite
close to (but before) the MV regime is reached, and the
resistivity drops strongly as the MV regime is more close-
ly approached and entered (i.e., below x < 1.0 here).

We wish to emphasize that this seemingly typical
MYV —Kondo evolution (with increasing x) in the resis-
tivity is occurring within a magnetically ordered com-
pound. The antiferromagnetic, ferromagnetic, and “in-
termediate phase” regions of order in this system have
been shown in Fig. 4. The AF, IM, and FM regions (at
270 and 2 K) have been indicated on the p(x) curves in
Fig. 6 by using different types of lines connecting the data
points. The sharp drop of resistivity for =270 K in the
IM and FM region (0.3 <x <0.5) and the nearly concen-
tration independent resistivity for both T=270 and 2 K
in the FM region (above x=0.5) may be related to the
influence of ferromagnetism on the Ce sites.

2. Temperature dependence of resistivity

The temperature dependence of the resistivity in the
CeMn,(Si,Ge), system involves the interplay of not only
Kondo-MV effects, crystalline-electric-field (CEF)
effects, and narrow-band coherence effects, but also of
competing antiferromagnetic, ferromagnetic, and “inter-
mediate” magnetic phases. In order to help clarify the
situation, we have drawn the resistivity curves (see Fig. 7)
which lie in the antiferromagnetically ordered phase us-
ing a solid line; those which lie in the ferromagnetically
ordered phase by a dashed line; and those which lie in a
intermediate phase by a dotted line. Here the locus of the
AF, FM, and IM phases have been estimated by the
phase diagram shown in Fig. 4. This phase diagram is
reproduced in Fig. 8 (dashed lines) of this text also. We
will now partition and discuss these resistivity curves in
several classes.

3. Mixed-valent range: x <0.1

The x=0.0 materials, as has been noted previously,
shows a resistivity typical of well-ordered mixed-valent
material (like CePds, for example).”® The rapid fall off in
p(T) below the maximum (labeled 4') at T=73 K is typi-
cal of the onset of coherent scattering between the MV-
Ce sites. The immunity of the Ce-MV behavior to the an-
tiferromagnetically ordered Mn sublattice stems ap-
parently from the fact that the Ce sites lie (by symmetry)
at nodes in the internal Ruderman-Kittel-Kasuya-Yosida
(RKKY) field.*?

4. CEF-Kondo range: 0.1<x <0.5

One of the first rules of thumb developed to
differentiate between MV and Kondo regime systems was
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FIG. 7. The resistivity vs temperature for the
CeMn,(Si;_,Ge, ), system. The curves are solid, dotted, and
dashed in the antiferromagnetic, intermediate, and ferromagnet-
ic phases, respectively. Again, the phase diagram Fig. 4 was
used to assign the magnetic phases. See the text for a discussion
of the various resistivity features labeled by letters in the figure.

that the Kondo regime materials often exhibited CEF
splitting effects but MV materials invariably did not. The
rationale for this was that the spin-fluctuation or charge-
fluctuation temperature in the MV materials was high
enough to wash out the sharp CEF splitting and CEF
states were admixed by such f-orbital fluctuations. Com-
parison of our x=0.0 to our 0.1=x =0.4 p(T) results
provides a dramatic example of this rule of thumb. In
this second region 0.1 =<x <0.4, the p(T) curves show the
double maximum structure typical of HF-Kondo lattice
systems (like CeCu,Si,), which exhibit a CEF modified
Kondo scattering combined with a low-temperature
coherence effect. The minimum at T <20 K for x=0.1
samples is attributed to this sample being somewhat more
disordered (not annealed).

For clarity we labeled some of the more prominent
features in the resistivity curves with letters. The sharp
low-temperature maximum (occurring between 10 and 31
K in the 0.0=<x =<0.4 region) is labeled 4 and the
minimum which occurs at somewhat higher tempera-
tures, is labeled B. The rise in the resistivity between B
and A is attributed to incoherent Kondon scattering
from the Ce-CEF ground state. The fall in the resistivity
at temperatures below A is associated with the onset of
coherent narrow-band behavior among the Ce sites. The
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FIG. 8. The loci in the T-x plane of the resistivity features
(A-E and G) labeled in Fig. 7. Also shown is the magnetic
phase diagram Fig. 4. The dashed-dotted and solid lines are, re-
spectively, the FM-T, and AF-Ty lines from Fig. 4. The dashed
lines indicate the crossover between AF and FM order.

maximum in the MV, x=0.0 sample was labeled A’
since, in terms of marking the onset of coherence, it is re-
lated to the A4 features in the Kondo regime.

At temperatures (T) above the B (lower-temperature
local resistivity minimum) features the resistivity rises
substantially and the halfway-inflection point in this rise
has been labeled C. The second (higher-temperature)
maximum has been labeled D. Finally (for the
0.1 =x <0.4 region), the highest-temperature local resis-
tivity minimum is labeled E. The drop in the resistivity
(with decreasing T) from D to C to B is attributed to the
“freezing out” of the Kondo scattering from an excited
CEF level (or levels). The rise in the resistivity (with de-
creasing 7) from E to D is associated with the Kondo
scattering, when the excited CEF level is populated. As
noted above, such a CEF modified Kondo lattice behav-
ior has been seen a number of times previously.?%?’
However, it has never been observed in a host which is
magnetically ordered over the entire range of the effect
(as is the case here).

A point we want to emphasize regarding this CEF-
Kondo regime (0.1=x <0.4) is that the Ce spin-
fluctuation energy scale almost certainly becomes quite
low in this range. The variations in the temperature of
the low-temperature maximum feature 4 (7 ,), have
been used in Kondo-heavy-fermion systems in the past
to qualitatively estimate variations in the spin-fluctuation
temperatures (Tge). T 4 is expected to track Tge. In our
system T 4 is 30, 25, and 16 K in the x=0.1, 0.2, and 0.3
samples, respectively. This low-energy scale spin-
fluctuation behavior is especially remarkable in view of
the ordering temperature of the Mn sublattice always be-
ing greater than 310 K. The degredation of the low-
temperature maximum ( 4) in the x=0.4 sample suggests
that the magnetic environment (or defects in it) may be
disrupting the low-energy scale spin fluctuations.
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The loci (in the T —x plane) of the features 4, B, C, D,
and E are shown in Fig. 8 along with the magnetic phase
diagram shown in Fig. 4. The results in Fig. 8 motivate a
number of observations. Firstly, the termination of the
CEF-Kondo-related feature lines 4, B, C, and D for
x <0.1 emphasizes the disappearance of the resolvable
CEF effects in the MV 0<x <0.1 range. Secondly, the
MYV regime maximum A’ lies sharply up from the Kondo
regime extrapolation of the 4 peaks toward x=0.0. This
is consistent with the rapid rise in the spin-fluctuation
temperature typically observed upon entering the MV
state. Thirdly, perhaps the most dramatic effect illustrat-
ed by Fig. 8 is the constant decrease in the temperature of
all of the Kondo and CEF-related features (4 —C) as the
ferromagnetic phase is approached (i.e., for x increasing
toward x=0.5).

Fourthly, we note that the temperature of the highest-
temperature resistivity minimum feature E (T) tracks
the broader of the AF-FM intermediate phase. Before re-
turning to the CEF-Kondo discussion (below), we wish to
discuss this point. The highest-temperature resistivity
minimum (E) qualitatively identifies where the Kondo
scattering becomes important. In the x=0.3, 0.4, and 0.5
samples E is correlated with the exit from the ferromag-
netic phase and impending entrance into the AF+FM
mixed phase upon cooling. In extensive studies on the
Ce(Mn, Fe),Si, and Ce(Mn,Cr),Si, series, we have shown
that this E (resistivity minimum) feature correlated excel-
lently with the onset of the AF phase.5 Moreover,
through studies on similar AF ThMn,Si, alloys, we have
shown that the resistivity rise in the AF phase in these Ce
compounds is not associated with the Mn magnetic
scattering.” Moreover, the locking of the Mn moments
into a well-established internal field would also argue
against any Mn spin-fluctuation contribution to the resis-
tivity. Thus in all of these studies, we find that the en-
trance or impending entrance of the compounds into the
antiferromagnetic phase appears to free up the Ce atoms
to exhibit low-energy-scale Kondo-MYV interactions with
the conduction electrons. Conversely, the paramagnetic
phase (as seen in our previous studies’) or ferromagnetic
phase (as seen below) in these systems appears to exhibit
a quenching effect on the Ce-Kondo-MV phenomena.

Returning to the CEF-Kondo discussion, we note that
both the resistivity results and the plots of the feature
temperatures in Fig. 8 appear at first glance to suggest
that a decrease in the CEF splitting may occur with in-
creasing x. The evidence on this matter is the decrease in
the temperature difference between the two maxima 4
and D from near a 235 K at x=0.1 to about 120 K at
x=0.4. Since the maximum D occurs when an excited
CEF state begins to freeze out, this would appear to sup-
port a decrease in the CEF splitting. For CeCu,Si,, the
first excited CEF level is about 140 K?° not unlike the
splitting that may be present in the x=0.4 sample of this
series. The second excited CEF level in CeCu,Si, is near
364 K.?° If the CEF structure of the CeMn,(Si,_,Ge,),
is similar to that of CeCu,Si,, the above effect could be
caused by the following scenario. At x=0.1, where the
spin-fluctuation temperature is high, the two excited CEF
levels could be strongly mixed and the maximum D could
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reflect scattering from the combined excited levels. It
should be noted that within the Cornut-Cogblin model of
the CEF-Kondo effect, the spin-fluctuation temperature
drops dramatically as excited CEF level depopulation
occurs.?® This could permit the excited CEF levels to be
strongly mixed at high temperatures (when Tgp was
large) but allow the CEF ground state to be well resolved
at low temperature (when Tgp is much smaller.) At
higher x values where the spin-fluctuation temperature is
lower the two excited CEF levels could be decoupled so
that the maximum would reflect the lower excited level
only. Thus, within this proposal the “apparent” decrease
in the CEF arises from a crossover (with increasing x)
from scattering dominated by the combined excited CEF
levels at x=0.1 to scattering dominated by the lowest ex-
cited CEF at x=0.4. Since we would not anticipate
strong changes in the CEF splitting, we favor an explana-
tion, of the sort proposed above, to explain the resistivity
data. Clearly, inelastic neutron-scattering studies would
be of great value here.

5. Coherence in 0=x < 0.4 range

We would like to discuss the variation of the low-
temperature coherent effect in our series. The develop-
ment of “coherence” is one of the most intriguing charac-
teristics of HF and MV materials.?> We have noted that
we associate the resistivity drop at temperatures below
T 4 and T, with the onset of such coherent intersite Ce
scattering. We further associated the depression of T,
with increasing x with the depression of the spin-
fluctuation temperature and the “coherency tempera-
ture” [ie., Toop=Tma2/(2J+1) from Lawrence
et al.]’® Here T, is a measure of the energy scale of
the intersite coupling in the coherent state.

In order to support the notion that the sharp drop
below T',, for 0.1 <x <0.3, is due to coherent scattering
rather than other effects like magnetic order of the Ce
sites, we plotted p/p.,., versus T /T, for x=0.0, 0.2,
0.3 (shown in Fig. 9). (Here Tp,,, =T, and p.,=p 4.)
We did not choose the x=0.1 sample because it was not
annealed. The good scaling behavior observed for
T /T <1 in Fig. 9 is consistent with the coherency in-
terpretation for these resistivities.’® This scaling behav-
ior suggests that a single characteristic energy may be
used in spite of the presence of a strong 3d AF RKKY
field and further that this energy scale decreases by near-
ly a factor of 5 with increasing x. For T/T,,, > 1, the
scaling breaks down because of the influence of the CEF.

Similar scaling behavior was also observed for the
Ce(Cu, Ni,_, ),Si, series’! and CeCu,Si, under very high
external pressure.?’” However, by comparison, this scal-
ing behavior is not found for CeCu,X, with X=Si and
Ge even for T /T, <1 (see Fig. 10). This is because of
the rather sharp drop of p below T, in CeCu,Ge,, as is
typical in many magnetically ordering Ce systems.

Since no single impurity Kondo behavior was observed
in our CeMn,(Si,Ge), resistivity results, we conclude that
the disorder of Si-Ge sublattice has little influence on the
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FIG. 9. The scaled low-temperature resistivities of the
x=0.0. 0.2, and 0.3 samples of the CeMn,(Si,_,Ge, ), system as
a function of T/T, and p/p 4. Here T, and p 4 are the tem-
perature and resistivity of the low-temperature maximum (la-
beled 4 and A4’ in Fig. 4). The rounded universal behavior of
the scaled resistivity supports the common coherency interpre-
tation of the low-temperature drop in resistivity.

coherency effect. This apparent preservation of low-
temperature coherency in the CeMn,(Si;_,Ge, ), system
stands in contrast to the single-impurity-type Kondo
scattering observed in the Ce(Mn;_,Cr, ),Si, system.’
Thus, it would appear that Si sublattice substitution is, in
this sense, less locally violent than Mn sublattice substitu-
tion.

6. x=0.5 intermediate regime

We elect to discuss the x=0.5 sample separately since
it lies in the “intermediate” portion of the phase diagram
shown in Fig. 4, where the precise magnetic state is some-
what uncertain. The local resistivity minimum E is
presumably associated with the impending exit from the
ferromagnetic phase with decreasing T and the onset of
Kondo scattering (similar to the E feature in the x <0.4
range). The lower-temperature maximum and subsequent
falloff appear more closely related to features in the
x = 0.6 range discussed below.

7. x=0.6<x < 1.0 ferromagnetic phase

The p(T) curves in this range are all dominated by a
phononlike positive slope. A small drop occurs in all of
these curves in the 20—-40 K range and is labeled at the
center of the drop as feature G in Fig. 7. Above this drop
subtraction of a true phonon background would yield a
weak Kondo-like upturn in the resistivity in the 50— 100
K range. This last weak upturn is most apparent in the
x=0.6 sample data. The locus of the G feature points are
included in Fig. 6. Thus, the resistivity curves in this
range show little, if any, evidence for Ce spin-fluctuation
effects.
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FIG. 10. The resistivities of CeCu,Si, and CeCu,Ge,. Note
in particular the CEF related structure in both curves in the
50-100 K range and the resistivity rise due to Kondo scattering
from the CEF ground state below 25 K in both curves. The
rounded decrease in resistivity below the 10 K maximum for
CeCu,Si, due to coherent Kondo scattering should be contrast-
ed with the sharp drop in CeCu,Ge,, presumably due to the on-
set of magnetic order.

IV. SUMMARY AND CONCLUSIONS

The CeMn,(Si; _,Ge, ), system has shown evidence of
a MV-to-Kondo regime crossover (with increasing x)
while remaining deep within an ordered Mn-moment
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phase of the AF type. That is, while the AF ordering en-
ergy remains greater than 300 K the Ce-MV-Kondo
spin-fluctuation energy scale appears to vary roughly
from Tgg=100 K to Tgg<10 K with increasing x.
Moreover, a sharp CEF structure and intersite coherent
Kondo scattering appear to operate relatively freely
despite the Mn magnetic order and Si<>Ge substitution.
At higher Ge concentrations, FM Mn-moment order ac-
companies the onset of near Ce*' stable moment behav-
ior.

This work motivates several questions. One such ques-
tion is just how low an energy scale and how subtle a Ce
moment quenching behavior can be achieved within a
robustly ordered host. Another is how the RKKY oscil-
lation in the conduction electron spin density interact
with the Ce moment Kondo compensation cloud. A
third question is whether the AF—FM change in the Mn
ordering is a product of the Ce-valence and/or moment
change or vice versa. Finally, an intriguing question
arises as to whether external magnetic fields of sufficient
strength could drive an AF to a saturated moment FM
on the Mn sublattice and whether this change would then
couple to a large Ce-valence-moment change.
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