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Electron correlations in Sr„Sm…B6
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We present and discuss electronic correlation effects in slightly doped Sr12xSmxB6 for which the concen-
trations of magnetic centers and itinerant electrons are low and approximately equal, and compare its properties
with those of SrB6 and SmB6. For x50.03 the low-temperature conductivitys exceedss(x50, T50) and
s(x51, T50) by more than two orders of magnitude and the electronic specific heat reveals a strong
enhancement of the electronic density of states at the Fermi levelEF, not observed in the concentrated
compound SmB6. @S0163-1829~98!01817-7#
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Strong correlation effects among itinerant charge carr
are known to occur in a variety of metallic rare-earth a
actinide compounds at low temperatures. This phenome
is usually observed at low temperatures in materials wh
the cations with partially filledf -electron orbits occupy regu
lar sites of the crystal lattice and where the density of itin
ant charge carriers is comparable to that of common sim
metals.1 Correlation effects are also observed in metallic m
trices with only a small concentration of magnetic ions.2 The
screening of the magnetic moments via conduction electr
induces a narrow peak of electronic density of states at
Fermi energyEF , which may be verified by various types o
experiments.1,2 In this work we aim at investigating the in
terplay between magnetic moments and conduction elect
for a case where the conditions are substantially altere
the sense that a low concentration of magnetic impuritie
introduced into a compound with a low concentration of co
duction electrons.

For our purpose a particularly well-suited class of ma
rials is provided by cubic hexaborides with divalent a
trivalent cations. LaB6 is a good metal with approximatel
one conduction electron per unit cell3 and observations o
correlation effects in La12xCexB6 with x of the order of a
few at. % are well documented in the literature.4,5 SrB6, in
which the cations adopt a divalent configuration, is known
be a poor metal at low temperatures, and the concentratio
itinerant charge carriers is very low, of the order of 1024

electrons per unit cell.6 Band-structure calculations indica
that for divalent cubic hexaborides the electronic featu
depend very critically on details of the band structure in
vicinity of the X point of the Brillouin zone.7 Slight varia-
tions in the interatomic distances between theB atoms are
expected to provoke changes from a tiny band overlap
complete gapping of the electronic excitation spectrum
EF . Another hexaboride that is close to a metal-insula
transition is SmB6, for which there is convincing experimen
tal evidence that with decreasing temperature, a large pa
the electronic states in the vicinity ofEF is removed.8,9 The
corresponding gap formation is not quite complete, howe
leaving a residual small number of itinerant electrons at v
low temperatures. Previously, the corresponding remain
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electrical conductivity was ascribed to impurity or defect i
duced itinerant states,10 but the more intriguing possibility of
observing the intrinsic feature of an incomplete gap form
tion, akin to similar phenomena in unconvention
superconductors,11 should not completely be excluded.

We therefore have chosen to introduce a few at. % of
atoms on Sr sites of SrB6. If the Sm ions adopt their trivalen
configuration each such ion will add both one magnetic m
ment based on thef 5J55/2 Hund’s rule ground state an
one additional conduction electron, thereby enhancing
metallic character of the material. The latter conjecture
confirmed by measurements of the electrical resistivity
both SrB6 and Sr0.97Sm0.03B6, the results of which are show
in Fig. 1. A Curie-Weiss-type temperature variation of t
magnetic susceptibility of the Sm doped material12 provides

FIG. 1. Temperature dependences of the electrical resistiv
of SrB6 ~upper panel! and Sr0.97Sm0.03B6 ~lower panel! below room
temperature.
10 644 © 1998 The American Physical Society
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57 10 645ELECTRON CORRELATIONS IN Sr~Sm!B6
evidence for the presence of isolated magnetic moments.
low we intend to demonstrate the different situations t
emerge from the interactions between magnetic mom
and conduction electrons with low and high concentratio
by comparing low-temperature thermal and transport prop
ties of SrB6 ,Sr0.97Sm0.03B6, and SmB6.

All the data that are presented have been obtained f
measurements using single crystalline samples grown f
A1 flux.6 For each of the three compounds, the measu
ments have been made using the same single crystal.
electrical resistivityr was measured using a four probe low
frequency ac technique and the specific heatCp was obtained
by employing a relaxation-type method. The low
temperature ac magnetic susceptibility was measured w
common mutual inductance setup and the primary magne
field amplitude was less than 1 Oe.

As may be seen in Fig. 1, both the magnitude and
temperature dependence of the electrical resistivity are
nificantly different for SrB6 and Sr0.97Sm0.03B6. The low-
temperature residual resistivities differ by two orders of m
nitude. As pointed out in Ref. 6, the temperature variation
r of SrB6 is of ambivalent character. The Sm-doped mate
first reveals a positive slope]r/]T below room temperature
At about 20 K,r(T) passes through a shallow minimum a
the subsequent negative slope persists below this minim
temperature. Although it is not obvious from our plot in Fi
1, the resistivity increases linearly with decreasing tempe
ture below 5 K with a slope of20.8 mV cm/K, without any
tendency to saturation down to 0.35 K. The resistive beh
ior of this dilute alloy is again quite different fromr(T),
often observed, of SmB6. In this latter case, the room
temperature resistivity is about half of that of our Sm-dop
SrB6 but, as found previously,8,10 increases monotonically
with decreasing temperature. Below 50 K the negative sl
increases dramatically andr increases a few orders of mag
nitude but settles at a finite value of the order of 0.1V cm,13

as T→0. Thus the two compounds containing Sm ions
low and high concentration, respectively, appear to ad
rather different ground states. Ther(T) increase of SmB6 is
not exponential in 1/T at low temperatures and therefore t
removal of electronic states close to the Fermi energy d
not result in the formation of a complete gap, in accorda
with the nonzero conductivity at very low temperatures
these13,14 and other samples.10 The linear temperature varia
tion of r(T) of Sm-doped SrB6 with a negative slope is
obviously unusual and, in spite of the resistivity minimum,
not compatible with a simple Kondo-type behavior th
might appear as the most obvious choice for explaining
physical properties of slightly doped SrB6.

The results of the specific-heat measurements at low t
peratures also reveal distinct differences in the behavio
these compounds. For SrB6 a small excess specific heatCex,
in addition to the expected contribution due to lattice exc
tions, develops below 5 K, increasing with decreasing te
perature. More details concerningCex(T) of SrB6 at very
low temperatures may be found in Ref. 6. The replacem
of 3% Sr atoms by Sm changes this behavior dramatically
may be seen in Fig. 2, where the specific-heat data for b
compounds, obtained at temperatures between 0.06 an
K, are plotted in the form ofCex/T vs T for T,6 K. For
Sr0.97Sm0.03B6 the excess specific heat sets in at 15 K. H
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again,Cex is obtained by subtracting the lattice contributio
from the measured specific heat. The correspondingCex/T
ratio increases significantly with decreasing temperature
low 12 K and reaches a maximum of about 85 mJ mole f
K2 at 1.2 K. The subsequent decrease at lower temperat
is intercepted at approximately 0.2 K by another steep
crease towards temperatures below 0.1 K.

As mentioned above, we also compare the exc
specific-heat data of the Sm-doped SrB6 with that obtained
for SmB6. This comparison is made in Fig. 3. TheCex/T
ratio of SmB6 below 6 K is about one order of magnitud
smaller than that for doped SrB6. Taking into account the
loss of occupied electronic states close toEF of SmB6, this
observation is not suprising and indicates that the large l
temperature excess specific heat of Sr0.97Sm0.03B6 is of elec-
tronic origin. Nevertheless, the distinct maximum ofCex/T
of the dilute alloy appears to have its strongly reduced co
terpart for SmB6, for which it is slightly shifted to approxi-
mately 1.5 K.

Considering both Figs. 2 and 3, there is no doubt t
strong enhancements of the density of electronic sta
D(EF) due to scattering centers carrying a magnetic mom
also occur in materials with a very much reduced concen
tion of itinerant charge carriers. Comparing room
temperature resistivity data, Sr0.97Sr0.03B6 has about a factor
of 50 less conduction electrons than LaB6 for which, as men-

FIG. 2. Comparison of the excess specific heat~see text! in the
form of Cex/T vs T for SrB6 and Sr0.97Sm0.03B6 between 0.06 and 6
K.

FIG. 3. Comparison of the excess specific heat~see text! in the
form of Cex/T vs T for SmB6 and Sr0.97Sm0.03B6 between 0.06 and
6 K.
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10 646 57H. R. OTT et al.
tioned, many-body effects due to Ce impurities have pre
ously been reported.4,5 The total excess entropySex observed
for Sr0.97Sm0.03B6 is adequately accounted for by consideri
a contribution ofkBln4 per Sm impurity, supporting the in
terpretation that the Sm ions adopt a trivalent configurat
and that the crystal electric-field splitting leaves aG8 quartet
state of theJ55/2 multiplet as the ground state.15

At very low temperatures the specific heat
Sr0.97Sm0.03B6 is very well described~see inset of Fig. 4! via

CexT25a1gT3, ~1!

wherea andg are the prefactors ofCp contributions propor-
tional to T22 and T, respectively. If we interpret the linea
in-T term as revealing the density of electronic states atEF ,
the g value is compatible with 1.5 J/mole Sm K2. The cor-
responding characteristic temperature

T* 5Sex/g5~R ln4/1.5!57.7 K ~2!

should be compared withTmax53.2 K, the temperature o
the maximumCex displayed in Fig. 4, which is approxi
mately half of the value ofT* , a relation that is a common
result of models describing correlation effects induced
magnetic impurities in good metals.16–19 The same models
also account for the general shape of theCex(T) curve, plot-
ted on a logarithmic temperature scale, which is shown
Fig. 4. In the temperature range of the maximum ofCex we
have also observed a shallow maximum of the ac susce

FIG. 4. Excess specific heat~see text! of Sr0.97Sm0.03B6 between
0.5 and 10 K on a logarithmic temperature scale. The inset em
sizesCex(T) at very low temperatures in a plot ofCex/T2 vs T3 ~see
text!.
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bility. We further note thatxac is constant below 1 K, con-
firming the compensation of the magnetic moments carr
by the Sm impurities.

The appearance of aCp contribution varying atT22 at
very low temperatures is usually associated with excitati
between nuclear energy levels split by internal magnetic
electric fields at the sites of the nuclei. In our case the ca
for this contribution is not entirely clear, because we have
independent indication of static internal magnetic fields d
to moment ordering or freezing. The only possibility mig
be the existence of substantial electric-field gradients at
Sm sites that would, by interaction with the nuclear elect
quadrupole moment, lift the degeneracy of the nuclear lev
of 147Sm nuclei. In view of the low concentration of Sm
atoms, the natural abundance of147Sm of 14% and the mod
erate value of its nuclear quadrupole moment, this interp
tation should only be regarded as a remote possibility wh
with the present status of information, cannot entirely
discarded. In this sense we have to accept that the additi
excess specific heat of Sr0.97Sm0.03B6 at very low tempera-
tures, which to a lesser extent is also present in SmB6 ~see
Fig. 3!, remains unexplained.

Apart from this uncertainty we conclude that the scree
ing of magnetic moments also prevails in metals with lo
conduction-electron concentrations. It appears that the c
pensation of magnetic moments is also achieved, if the c
centration of moments and itinerant charge carriers are
proximately equal. This observation may offer a new way
looking at intermediate valence-type phenomena,20 as they
have previously been discussed for SmB6, for example. Ac-
cording to the results presented here, the crossover from
enhancement of the electronic density of states atEF to the
formation of partial gaps in the electronic excitation spe
trum atEF may be studied in the series of Sr12xSmxB6 com-
pounds with varyingx.
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