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Inelastic neutron scattering experiments have been performed on polycrystalline samples of
Sml-,(M),B6 with M = Ca, Ba, and La, for the purpose of investigating how variation of the
valence of the Sm ions affects the spectrum of the magnetic excitations. The measurements
were performed on the HET time-of-flight spectrometer (in the ISIS facility at the Rutherford
Appleton Laboratory) with initial neutron energies equal to 300 meV and 60 meV in the
12-300 K temperature range, which made it possible to investigate both the high-energy spinorbit transitions and the unusual soft excitation previously discovered in SmB6. It has
been found for the spin-orbit transitions that a change in valence only causes a corresponding
change in their intensity ratio, while all the experimental parameters of the soft excitation,
viz., the energy, intensity, region of existence in momentum space, and their temperature
dependence, change. These results suggest that the soft excitation belongs to the spectrum
of excitations of a new intermediate-valenceground state and permit advancement of an hypothesis
regarding the nature of that state. O 1995 American Institute of Physics.

1. INTRODUCTION

The compound SmB6 is known as a "classical"
intermediate-valence system, which was studied actively
from the mid-sixties1 over the course of the next two
decade^.^ The investigations concentrated on two main features of this compound: the intermediate-valence state of the
Sm ion and the narrow energy gap in the spectrum of the
electron density of states at the Fermi level. Along with the
models of Wigner crystallization3 and single-ion
hybridization: which were proposed in the eighties, a model
based on a conception of excitonic instability as the driving
force of an electronic phase transition5 was proposed comparatively recently to describe the microscopic behavior of
this intermediate-valence system. In the last few years, owing to some new experimental data on the dynamics of the
lattice and the magnetic moment in SmB6, which were obtained using inelastic neutron scattering:-'
the models in
Refs. 3 and 5 were further developed in Refs. 9,10 and in
Ref. I I to the point of fundamentally different conceptions
of the nature of the ground state of the intermediate-valence
samarium ion. The source of disagreement is essentially the
problem of the relationship between the electronic shielding
and the Coulomb interaction in systems with a low density of
free electrons. ~ a s u ~ atreats
"
the ground state as a Kondo
586
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center in a Kondo insulator, while Kikoin and ~ishchenko"
regard it as a homogeneous mixed-valence state. Thus, direct
experimental information on the properties of the ground
state of the samarium ion would be of great interest for obtaining an adequate model of the phenomenon of intermediate valence for this class of substances.
Inelastic neutron scattering is one of the most powerful
tools for investigating intermediate valence on the microscopic level12 because the energy and momentum transfer
scales in a neutron experiment are especially suitable. In particular, the influence of spin and charge fluctuations on the
dynamics of the lattice and the magnetic moment can be
investigated with the necessary degree of detail. In addition,
the development of new pulsed neutron sources has expanded the possibilities of neutron spectroscopy to the inves'~
of the f subtigation of spin-orbit and ~ o u l o m bexcitations
shell, permitting the easy identification of different f n
configurations on the basis of characteristic magnetic-dipole
spectra. One serious obstacle to the realization of this
method in the case of SmB6 is the strong absorption of thermal neutrons by natural samarium and boron. Isotopically
substituted samples which ensure a tolerable level of absorption must therefore be used in the experiments.
The results of the first attempt to measure the magnetic
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neutron scattering spectrum of a polycrystalline sample of
' 5 4 ~ m " were
~ 6 published by Holland-Moritz and Kasaya in
1986 (Ref. 14). They postulated the existence of two peaks
of a magnetic nature with energies equal to about 15 and 2 1
meV at near-helium temperatures.
The first experiments performed with the participation of
the authors of the present communication on polycrystalline7
and single-crysta18~1s
samples revealed the main features of
the spectrum of magnetic excitations of SmB6 (with a valence u = 2.54 under normal conditions), particularly the existence of broad peaks corresponding to intermultiplet transitions for the f (E=36 meV) and f s (E- 130 meV)
configurations along with the presence of a single narrow (at
T+O) peak with an energy E-14 meV, The latter is
strongly "localized" in momentum space in both the amplitude and the direction of the momentum-transfer vector Q.
The differences in the character of the momentum dependence of the intensity for these two types of excitations allowed us to speculate that the "former" single-ion states
have a resonant (with a short lifetime) character and that the
true ground state of the system has a corresponding lowenergy excitation, which represents the spectrum of excitations of the weakly bound sixth electron in the f subshell."
According to the data from L,, x-ray spectroscopy,16the
partial replacement of Sm by Ba increases the valence of Sm,
partial replacement by La decreases the valence, and partial
replacement by Ca scarcely alters its value, the crystal-lattice
parameter increasing in all cases, but to different degrees.
Thus, studies of the series of compounds Sm(M)B6, where
M = Ba, Ca, and La, offer a way to trace the relationship
between the features of the spectrum of excitations from the
ground state and the valence of the samarium ion, which is
important for understanding the nature of the intermediatevalence state.
The present communication presents the results of an
investigation of the influence of substitution in the rare-earth
sublattice on the parameters of the spectrum of magnetic
excitations.
2. SAMPLES AND EXPERIMENTAL CONDITIONS

The ls4sm isotope with 98.6% enrichment and the
"B isotope with 99.4% enrichment were used to obtain polycrystalline samples. Compounds with the formulas
Sm0.5L%.5B6,Sm0,5Ba0,5B6,Sm0,5C%,5B6Were synthesized
in amounts equal to 22 g, 20.5 g, and 10.6 g, respectively. In
addition, previously prepared samples of SmB6 (13.5 g) and
LaB6 (9.8 g) were used in the measurement^.^ X-ray powder
diffraction analysis of all the samples obtained confirmed
their single-phase state. The slight broadening of the reflections for the sample with barium should be noted. The values
of the cubic crystal-lattice parameter (a) for all the compounds investigated are presented in Table I. The values of
the valence (u) of samarium as a function of the composition
are also given in that table.
The measurements were performed on the HET time-offlight spectrometer operating in the ISIS pulsed neutron
source (Rutherford Appleton Laboratory) which the energies
of the monochromatic neutrons incident on the sample equal
60 and 300 meV. The detection system consisted of five
587
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TABLE I . Lattice parameters 11 and valence u according to
L,,,-spectroscopic data determined at T = 3 0 0 K , as well as the transmission
P measured when the energy o f the neutrons impinging on the sample
equals 300 and 60 meV.
SmBeb

LaBb

a,
4.132(1) 4.156(1)
u
2.54*
...
P, %
(300 meV)
79
88
P, %
(60 meV)
50
82

Sm0.5La0,5B6

Sm0.5B%.5B6 Sm0.5C%.5Bb

4.151(1)
2.4**

4.195(1)
2.70*

4.139(1)
2.55**

77

81

88

63

68

52
-

-

*Data for our samples.
**Data from Ref. 16.

groups of detectors with mean scattering angles equal to
5 ", 10.5', 16", 21.5", and 26", and another group situated
at a 136' angle.
The samples were placed in a flat container made from a
thin aluminum foil with the dimensions 45X 45 mm2, which
are slightly smaller than the effective cross section of the
neutron beam. The transmission (P) of the samples in the
container is listed in Table I.
The measurements were performed in the 5-300 K temperature range using a closed-cycle refrigerator and a helium
cryostat. The typical time of the measurements was 10-20 h
with a proton beam current of up to 130 PA. The contribution to the background due to scattering in the vicinity of the
sample was determined from measurements of the empty
container. All the necessary corrections were made to the
experimental spectra, including normalization to the solid
angle of the detection system and the intensity of the incident
stream of neutrons, and a vanadium standard was used to
absolutize the intensity. The results of the measurements
were represented in the form of a scattering law S,(Q,E),
where cp is the scattering angle, Q is the momentum transfer,
and E is the energy loss from a neutron upon scattering. The
absolutization error is estimated as 20%. The spectra of
LaB6 were used to subtract the phonon contribution to the
scattering law7 and to obtain the dynamic magnetic response
S,(Q,E,T), which can be represented in the case of paramagnetic neutron scattering in the form

where x,,(O,O,T) is the static magnetic susceptibility, F(Q)
is the magnetic form factor, and P(E,T) is the normalized
spectral function.
An initial neutron energy Eo= 300 meV was chosen for
the measurements of the intermultiplet transitions as the optimal value from the standpoint of combining the range of
momentum transfers and the instrumental resolution
(AEo= 10 meV). Importance is also attached to the absence
of specific nonmonotonicity in the transmission for the samarium sample in the range of energy transfers of interest to
us ( E a 150 meV) under these conditions, which facilitates
the quantitative treatment of the results. Here it should be
borne in mind that the difference between the transmission of
Alekseev et a/.
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FIG. 1. Total and phonon components in inelastic neutron scattering spectra ( T = 2 0 K,
(p=S0,
E,=300
meV).
a)
SmB6:
.--experiment; O-phonon component simu-

SmB6 and that of LaB6, which influences the contribution of
multiple scattering for the samarium sample, can lead to
some overestimation of the phonon contribution to the scattering at small angles under the procedure employed.
The low-energy part of the spectrum was measured with
an initial neutron energy Eo= 60 meV (AEo= 1.3 meV),
which is close to the optimal value for minimizing momentum transfer at E = 14 meV. The use of lower initial energies
(down to 30 meV) proved to be ineffective, despite the improvement in resolution, due to the decrease in the illuminating power and the increase in the minimal momentum transfer.
3. RESULTS
3.1. lntermultiplet (spin-orbit) transitions

The energy spectra were measured with an initial neutron energy Eo= 300 meV for all the samples under identical
conditions at a temperature of about 20 K, and the spectrum
of the SmB6 sample was also measured at 300 K.
As an example, Fig. 1 presents plots of S(Q,E) corresponding to cp= 5 " for SmB6 and La&. Figure la presents a
calculatetl spectrum, which simulates the phonon contribu588
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tion to S(Q,E) for SmB6. It was obtained by the procedure
in Ref. 17, which is based on the assumption of similarity
between functionals of the type

which describe the ratio between the scattering laws
SPi(Q,E,T) measured at the scattering angles q1 and q2 for
samples with identical (having similar energy structures)
phonon spectra and neutron characteristics. This assumption
can be regarded as a rigorous statement when the contributions of the multiple processes to the scattering law (which
are most significant for E<Eo/2) are equal, which is far
from always realizable in practice. The adequacy of the procedure as applied to real samples of rare-earth intermetallic
compounds was tested experimentally in Ref. 17. The phonon spectra are made identically using structural analogs
with similar electronic properties and masses of the constituent atoms. In our case the mass difference between samarium
and lanthanum is less than 7%. The functional
R ( 5 " , 136" ,E,T) obtained for the LaB, sample was used to
calculate the scattering law S,,,.(Q,E) of SmB,, which is
determined nearly completely by the phonon component of
the scattering owing to neglect of the magnetic contribution
Alekseev et a/.
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FIG. 3. Magnetic component of the scattering law for Sm,,La,,5B, at two
scattering angles ( 9 = 5" and 21.5". E,= 300 meV, T = 12 K). The 21.5'
scattering angle corresponds to a large momentum transfer, which results in
reduction of the intensity of the peaks.

FIG. 2. Magnetic component of the scattering law for SmB, (a),
S@,sCao,sB6 (b), and Smo,5B;b,sBs(c) measured with an initial neutron
energy Eo= 300 meV and approximated by two inelastic peaks; 9 = 5 O .

-',

for Q>10-15 A
at q=5". The result is presented in
Fig. l a in the form of the spectrum S P h ( e , ~ ) The
.
model
spectrum s*~(Q,E) can somewhat overestimate (by -10%)
the true value due to the strong absorption of the SmB6
sample. The difference between S,;(Q,E,T)
and
s$'(Q,E,T)
will be regarded below as the magnetic component S,(Q,E,T) in the spectrum of inelastically scattered
neutrons.
Figures 2 and 3 present the magnetic components of the
scattering law S,(Q,E,T) for all the samples investigated,
which correspond to excitation only from the lowest state,
since the temperature of the samples was sufficiently low
(10-20 K) to rule out thermal populating of the excited
states.
All the samples exhibit two broad peaks in the spectra
near the energy transfers E-40 meV and 120 meV. The
peaks are appreciably wider greater than the resolution of the
spectrometer. The peak near 40 meV is always more intense,
but its relative intensity depends on the composition. In particular, it is appreciably weaker in the sample with barium.
The magnetic nature of the peaks observed is clearly manifested in the angular dependence of their intensity, which is
shown for Smo~5Lao,sB,
as an example (see Fig. 3). An increase in the scattering angle and, accordingly, in the momentum transfer is accompanied by a decrease in intensity.
The spectrum for this sample (at (p = 5 ") is distinguished
from the spectra in Fig. 2 by the presence of additional structure on the low-energy peak. It can be described as a combination of a broad peak similar to the peak observed for all
589
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the other samples at E-40 meV, and a comparatively narrow
peak of dominant intensity at an energy of about 28 meV.
The intensity of this peak decreases with increasing angle
somewhat more rapidly than that of the peaks at 40 and 120
meV. The ratio of the integrated intensities of the 40- and
120-meV peaks varies in favor of the high-energy peak as
the mean valence increases (Sq,5Bao.5B6)and, conversely,
in favor of the low-energy peak with the complex structure
as it decreases (Sq,5L%.5B6).The temperature dependence
of the spectra can be evaluated from the data obtained for the
SmB6 sample at T = 300 K: it was found that the scattering
intensity decreases appreciably only for the peak near 40
meV.
Figures 1-3 do not contain points for values of E
smaller than 15 meV. This is attributed to the influence of the
wings of the elastic scattering peak on the spectrum of the
inelastically scattered neutrons, which hampers the reliable
isolation of the magnetic component S,(Q,E,T) in this region. The measurements in this part of the spectrum were
performed using neutrons incident on the sample with energy
Eo= 60 meV.
3.2. Low-energy excitation

The nature of the low-energy part of the spectrum of
SmB6 was thoroughly discussed in Refs. 7 and 15. The excitation with an energy of 14 meV discovered in experiments
on a polycrysta17~14
was found to be very unusual, combining
the properties characteristic of single-ion excitations with the
properties typical of delocalized states. It is characterized15
by comparatively weak dispersion and the absence of a systematic dependence of the intensity on the reduced wave
vector, and it exhibits strong anisotropy of the inelastic structural factor and anomalously rapid (from the standpoint of
f-electron excitations) weakening of the latter with increasing momentum transfer. In addition, the temperature dependence of the intensity and width of the 14-meV peak has a
characteristic scale (i.e., a temperature at which drastic variation of the excitation parameters occurs), which is signitiAlekseev et a/.
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FIG. 5. Low-energy portion of the spectrum for Sm,&ao,sB,
(Eo=60
meV). The peak at 10 meV corresponds to the peak of the phonon density of
states. An additional peak (shading) with an energy equal to 11 meV appears
at the small angle at 12 K.
FIG. 4. Low-energy portion of the spectrum for SmB, (E0=60 meV). The
peak at 10 meV corresponds to the peak of the phonon density of states (c).
The peak at 14 meV (shadeg) exists at a low temperature and a small
(b). As the temperature rises, the peak
momentum transfer Q = 0.8 A
broadens, and a quasielastic component appears (a). The slope for small
energy transfers at the minimal scattering angle is caused by the contribution
from the scattering in structural elements of the cryostat.

-'

cantly smaller than the energy of the excitation itself. This is
also unusual for single-ion states like crystal-field effects.
The results of the measurements in the low-energy portion of the spectrum for SmB6 are shown in Fig. 4, and those
for the samples with the partial replacement of samarium by
calcium, barium, and lanthanum are presented in Figs. 5-7.
It is seen that the substitutions in the rare-earth sublattice
result in radical alteration of the spectrum: the 14-meV excitation vanishes in all the impurity systems. In addition, a
clearly expressed peak with a different, higher energy appears in the case of partial replacement by trivalent lanthanum, but no new separate peaks are observed for the divalent
impurities. Figure 4 illustrates a qualitative difference between the peak of the phonon density of states of SmB6 at
E m 10.5 meV and the electronic excitation at E= 14 meV.
The phonon peak caused by the flat extended section of the
dispersion curves in q space for acoustic phonons6 follows
the known dependence on Q and T for the intensity of lattice
excitations, and the 14-meV excitation behaves as a magnetic excitation, i.e., its intensity decreases with both increasing temperature and increasing momentum transfer Q. The
590
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FIG. 6. Low-energy portion of the spectrum for Smo,sB~,sB6
(E0=60
meV). The peak at 9.5 meV corresponds to the peak of the phonon density
of states (d), the peak at 8 meV (shading) exists at a low temperaturc and a
small momentum transfer (a) and vanishes when the momentum transfer
increases (b) and the temperature rises (c). In the latter case it transforms
into quasi-elastic scattering. As in Fig. 4a, the slope at small energy transfers
is caused by thc contribution from scattering in structural elements of the
cryostat.
Alekseev et a/.
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FIG. 7. Low-energy portion of the spectrum for Smo,,Lao,5B6at two scattering angles (p= 5' and 26". Eo= 60 meV, T = 12 K). The inelastic magnetic scaitering in the low-ener~yregion is shaded. The momentum transfers
Q = 1.4 A - (a) and Q = 2.5 A - (b) correspond to an energy of 28 meV.

'

'

same magnetic type of behavior is observed for the strong
peak with an energy of 28 meV in the spectrum of Sm,,5
(Fig. 7), the energy of the phonon peak remaining
practically unchanged ( E - 11.0 meV) relative to SmB6.
An analysis of the angular and temperature dependence
of the spectra in Figs. 5 and 6 reveals traces of the lowenergy excitation in the Ba- and Ca-doped samples. The lowtemperature spectra of Sw,5Ca,,5B6 (Figs. 5a and 5b) for the
minimum and maximum scattering angles differ appreciably
in the shape of the single observed peak: it is asymmetric,
with the maximum displaced toward higher energies at the
small scattering angle (p = 5". This asymmetry is not associated with the phonon component of the scattering, as is
clearly demonstrated by the same spectra measured at a
doubled temperature, i.e., at 20 K (Figs. 5c and 5d). The
position (E-10.3 meV) and shape of the peak at that temperature do not depend on the angle, and the intensity is
recalculated from rp = 136O to 50 = 5 " by means of a factor
coinciding with the ratio between the intensities of the phonon lines for SmB6 at those angles (compare Figs. 4b and 4c
and Figs. 5c and 5d). Increasing the temperature from 12 to
20 K cannot alter the phonon scattering law in the energy
range analyzed (- 10 meV) owing to the negligibly small
change in the Bose factor, as is confirmed by a comparison

of the peaks at large angles for these two temperatures (compare Figs. 5b and 5d). It must be assumed that the observed
asymmetry at T = 12 K is caused by a nonphonon scattering
mechanism. The difference between the two contributions is
indicated by the fine lines in Fig. 5a: the larger peak corresponds to recalculation of the spectrum in Fig. 5d (or 5b)
with the phonon factor, and the smaller peak approximates
the experimental excess intensity. It is seen that this excess is
described well by a peak with an energy of about 11 meV
(the shaded area). Since this additional peak vanishes as the
momentum transfer and the temperature increase, it can be
attributed to magnetic scattering, i.e., to the appearance of
electron excitation.
A similar situation is observed for the sample of S%.5
Bao$6. The energy of the phonon peak determined from
the spectrum for T = 20 K and cp= 136" (Fig. 6c) is about 10
meV. In the low-temperature spectrum at small angles (Fig.
6a) the maximum of the inelastic peak is clearly displaced in
the downward direction (in contrast to the case of S q , 5
C%,5B6 considered above) relative to that energy: this shift
vanishes both when the temperature is raised and when the
scattering angle is increased. Approximation of the corresponding additional contribution by the second peak (the
shaded area) gives an excitation energy of about 8 meV. Unlike the cases of partial replacement by Ca and Ba, partial
replacement by La (see Fig. 7) results in the appearance of a
peak with an energy of about 28 meV, which has a smoother
angular dependence than in the case of SmB6.
Thus, the partial replacement of samarium by divalent
(Ba, Ca) and trivalent (La) elements results in the disappearance of the 14-meV peak in the low-energy portion of the
spectrum and the appearance of magnetic features, but with a
different energy and a different slope of the angular and temperature dependence. This new peak can be reliably isolated
only for the sample with lanthanum. Experimental plots of
the dependence of its integrated intensity on the temperature
and the momentum transfer are presented in Figs. 8a and 8b.
Due to the low intensity, as well as the partial overlap with
the phonon peak, we were unable to obtain quantitative characteristics for the low-energy excitations in the other two
samples. The qualitative result for these systems is that, as
the energy of the excitation decreases, its intensity drops (at
least when Q and T are comparable to the corresponding
values for SmB6), and the region for its existence in Q-T
space narrows, apparently toward values tending to zero.

FIG. 8. Dependence of the intensity on the
temperature (a) and on the momentum transfer (b) for the 36-meV intermultiplet transition (j6 configuration, J = O-+J = I ) (line),
for the 28-meV transition in Smo,,L%,B,
(unfilled symbols), and for the ICmeV excitation in SmB,[dotted line (a) and filled
circles (b)]. Squares and unfilled circles data obtained with E O = 3 0 0 meV for 12 K
and 3 0 0 K; triangles - T = 12 K, E0=60
meV.
591
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TABLE 11. Positions E , , E,, and widths at half-maximum I', , T, obtained
using the approximation of the spectral function (I) transformed to Q = 0 by
Lorentzian functions for the experimental spectra of Sm(M)B, samples measured with E0=300 meV.

FIG. 9. Spectrum of intermultiplet transitions transformed to zero momentum transfer for samples of Smo,5Bao.sB6(a) and SmB6 (b); Eo= 300 meV,
Q = 0 , and T = 2 0 K.

4. DISCUSSION

The broad peaks observed in the high-energy part of the
spectrum of SmB6 were treated in Ref. 7 as corresponding to
excitations of intermultiplet transitions (AJ= 1) for the f 5
( 6 ~ 5 / 2 + 6 ~ 7E-130
/2,
meV) and f6 ( 7 ~ , + 7 ~, ,E-36
meV) parent configurations. This conclusion was drawn on
the basis of the their intensity ratio and the character of the
angular dependence, which corresponded to the calculated
inelastic structural factors. If Sm(Q,E,T) is extended to zero
momentum transfer and represented in the form
Sm(Q= O,E,T) = S,(E ,T), the ratio between their areas directly reflects the ratio between the contributions the parent
configurations to the neutron scattering process and can be
compared with the results of determining the mean (effective) valence by other methods, particularly LIII-edge x-ray
absorption spectroscopy. The results of the transformation of
the experimental spectra to Q = 0 for SmB6 and Sm,,5B%,5
B6 are presented in Fig. 9. It is seen that the true position of
the high-energy peak is shifted closer to 130 meV. This displacement is associated with the great variation of Q over the
width of the peak, which causes deformation of the line
shape through the form factor. Approximation of the peaks
makes it possible to evaluate the ratio between their areas,
which agrees well with the mean valence for these two
samples, if we utilize the relation

where SI is the measured integrated intensity of the respective peak, a,, is the cross section of the intermultiplet
magnetic-dipole tr'ansition, and v is the mean valence.
Partial replacement by lanthanum alters the structure of
the 40-meV excitation: its intensity maximum shifts to 28
meV, and it can be regarded, as a whole, as a superposition
of the narrow intense 28-meV peak and the former broad
peak. For this reason it is difficult to analyze the intensity
ratio tor the case of S n ~ o , 5 L ~ , s B
Nevertheless,
6.
if the 40592
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meV excitation is considered as a whole, the ratio of its
intensity to the intensity of the 130-meV excitation corresponds to the mean valence of this system.
The results of determining of the energy position and
width of the two inelastic peaks present in the spectra of all
the samples using the approximation S,(Q= 0, E,T),
which is transformed to Q = 0 using the form factors for the
J=O-+J=l and J = 5 / 2 - + J = 7 / 2 transitions in Ref. 7 and
the analytical spectral function in Ref. 18 are presented in
Table 2. In addition, Lorentzian functions were used for
P(E,T) in (1). It is seen from Table 2 that the energy and
width for these magnetic excitations does not depend on the
composition of the sample to within the experimental accuracy.
The influence of the temperature on the intensity of the
intermultiplet transitions can be analyzed for SmB6. The
measurements were performed at two temperatures, 20 and
300 K. It is seen that this temperature difference is not significant for the transition with E-130 meV, owing to the
small variation of the population of the upper state, which is
determined by the parameter exp(-ElkT), whose value is
close to zero. At the same time, for the 36-meV transition an
increase in the temperature from 20 to 300 K should have an
appreciable influence on the intensity due to the populating
of the upper triplet state. The results of an analysis of the
influence of the temperature on the experimentally measured
area under the 36-meV peak are presented in Fig. 10. The
experimental value agrees well with the calculation in the
single-ion approximation, and consideration of the weak
temperature dependence of the valence19 improves the agree-

FIG. 10. Temperature dependence of the intensity of the ' F , + ' F , transition (the f' configuration). Points - experiment for SmB,; solid line calculation with consideration of the variation of the valence; dashed line calculation Ibr a constant valence of samarium.
Alekseev e t a/.
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ment. The intensity of the other peak (at 130 meV) does not
depend on the temperature to within the experimental accuracy.
Thus, it can be asserted that the high-energy excitations
assigned to the intermultiplet transitions can be described as
excitations of the corresponding configurations of the f subshell of the samarium ion, which are represented in the spectra with a weight determined by the mean value of the valence. The qualitative difference from the case of a
"mechanical" mixture of two types of ions, viz., sm2+ and
sm3+, is confined to the strong broadening of these excitations, which is associated, as was previously shown for
SmB6, with a finite lifetime of the quantum-chemical states
on the order of 3 X 10- l 3 S.
The transformation of the spectrum of Srno,5L~,sB6
illustrates graphically that at low energies the spectrum is very
sensitive to the partial replacement of samarium and to the
corresponding change in valence. This finding is also an important argument against identification of the observed peaks
as transitions between crystal-field-split levels. The opposite
character of the changes in the energy position of the peaks
and other parameters in the cases of partial replacement by
Ba and La is evidence that the change in valence, rather than
the presence of defects in the sublattice, is the main driving
force of the restructuring of the spectrum. In addition, the
results of the measurements performed on a single crystal in
Ref. 15, which revealed comparatively weak dispersion of
the energy of the peak, imply that the new ground state is a
single-ion state to a considerable extent, i.e., the excitations
are localized on nearest neighbors and the interaction with
other intermediate-valence centers acts as a small correction.
The small energy width (in contrast to the case of the intermultiplet transitions) is also evidence in favor of the assignment of this excitation to the spectrum of the ground state.
Actually, its width in SmB6 is restricted by the resolution of
the spectrometer, and the width for Smo,5L%.5B6amounts to
only 7 meV at 12 K. The latter finding is most probably due
to an inhomogeneous broadening mechanism, i.e., to the influence of the second coordination sphere, where different
combinations of the distribution of La and Sm among the six
rare-earth sites are possible, and once again shows that, although the intercenter interaction in the rare-earth sublattice
influences the spectrum of excitations, this influence is small.
Thus, the main feature of the low-energy excitation is the
fact that not only the intensity, but also the energy and the
form factor (see Fig. 8) (in contrast to the case of the intermultiplet transitions) are functions of the mean valence. Figure 11 shows the position of the low-energy peak as a function of the mean valence of samarium in the systems
investigated. It is seen that the excitation energy correlates
with the valence and that the limiting value at v = 2.0 tends
to a value close to the energy of the multiplet transition, i.e.,
-36 meV. On the opposite side it tends to zero at ~ 2 2 . 8 .
Such behavior of the excitation energy as a function of
the valence can be understood on the basis of the ideas developed by Kikoin and Mishchenko in Ref. 1I . They theorized that the 14-meV excitation in SmB6 corresponds to a
transition with a change in the total angular momentum between the singlet ground state and a triplet excited state of
593
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FIG. 11. Dependence of the energy of the "low-energy" excitation on the
valence of samarium evaluated for T = 12 K for all the samples investigated.

the wave function describing the intermediate-valence state.
The wave function of the ground state is
( f l , 7o),
~
$m,g= COSBIE,
,'Fo) + sin@If,~,
(3)
and the wave function for the excited state is

Here 8 is a parameter which characterizes the degree of
valence mixing, and B? describes a combination of
electron-hole pairs with suitable symmetry, which makes it
possible to construct the 7 ~ state
o
from the
subshell and a
weakly bound sixth electron distributed between the central
position in ion m and its local environment. It follows from
the form of (3) and (4) that the transition from the ground
state to the excited state is not accompanied by charge transfer, but corresponds to a change in the total angular momentum J*=O-+J*= 1. The energy of such a transition is determined by the magnitude of the spin-orbit splitting between
the initial and final states of the wave functions (3) and (4),
i.e., the degree of localization of the electron density described by rlr, on the central ion. The degree of localization
for (3) and (4) is determined by cos28 and is directly related
to the value of the mean valence: for example, for 8 = 0 we
have anf6 configuration, the valence corresponds to 2+, and
the energy of the transition with AJ*= 1 equals 36 meV; as
8 increases, the degree of localization decreases, the sixth
electron forms a weakly bound state, and the energy of the
spin-orbit coupling for Gm tends to zero. Thus, according to
Ref. 11, after multiplying 36 meV by cos28= I -v=0.46, we
obtain 16 meV, which agrees within the error in the determination of the valence with the value of 14 meV measured for
SmB6.
It can be postulated that a further increase in the concentration of the trivalent impurities (a shift of the samarium
valence toward 2+) will completely transform the lowenergy excitation into the intermultiplet 7 ~ o + 7 ~transition.
,
As the concentration of the divalent impurities increases, decreases in the energy, intensity, and size of the region in
Q-T space are possible for this excitation with conversion of

fi
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the intensity to the quasielastic scattering, which transforms
into an excitation resembling an ordinary transition between
the crystal-field-split levels for 6 ~ 5 , 2as the f configuration
is stabilized.
The approach developed in Refs. 9 and 10 does not assume variation of the Kondo temperatures are the ratio between sm2+ and sm3+ changes. Therefore, in this model the
low-energy excitations observed in the compounds
Sm(M)B6 should differ from that proposed for pure SmB6.
The behavior revealed by the present and recentI5 investigations in the magnetic neutron scattering spectrum, which
is essentially determined by the dynamic magnetic susceptibility, can be used to understand the temperature dependence
of the static susceptibility, which is related to the dynamic
susceptibility by the Kramers-Kroning relation. The agreement between the temperature of the magnetic susceptibility
maximum of SmB6 (Ref. 19) and the narrow temperature
range where the transformation of the low-energy excitation
into quasielastic scatteringI5 occurs in the neutron spectrum
is noteworthy. The region for the existence of the spectrum
of magnetic excitations with the singlet ground state corresponds to the low-temperature Van Vleck portion of the susceptibility curve (T<40 K), while the appearance of the
quasielastic component and suppression of the 14-meV peak
are accompanied by a transition to Curie-Weiss conditions.
The adjustment of the spectrum of magnetic excitations observed when samarium is partially replaced by tri- and divalent impurities is also in qualitative agreement with the variation of the character of the susceptibility curves presented in
Ref. 19 for Sml-,LaxB6 and Sml-,Sr,B6.
5. CONCLUSIONS

By studying partial replacement of samarium in SmB6
by di- and trivalent ions we have succeeded in clarifiying the
relationship between the mean valence of samarium and the
parameters of the spectrum of magnetic excitations. The
high-energy excitations of the intermultiplet transitions in the
parent states behave as single-ion
short-lived f and
states, and the mean valence determines the degree to which
these excitations are represented in the spectrum. Conversely, all the parameters of the low-energy excitation depend strongly on the mean valence. It can be regarded as a
reflection of the properties of the wave function of the true
ground state of the intermediate-valence compound in the
magnetic spectrum. Here the energy, intensity, and dependence of the excitation on Q are determined by the spatial
distribution of the electron density, and the dependence on T
characterizes the binding energy of the sixth weakly bound
electron to the samarium ion. Thus, if the limiting cases are
considered, it can be speculated that no low-energy excitation exists for sm3+ and that the temperature dependence for
sm2+ is determined by the energy structure of the unperturbed f subshell of six equivalent electrons.
We note that the model in Refs. 5 and I I , which adequately describes both the lattice and magnetic spectra of
excitations of SmB6 on a single basis, was originally developed to describe the properties, particularly the phonon spectrum, of SmS. Therefore, the existence of a spectrum of magnetic excitations in "golden" SmS with a structure similar to

f6
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that for SmB6 can be postulated. It follows from an analysis
of the publications presenting the results of neutron studies
of SmS under pressure and of the chemically compressed
analog Smo,75Yo,z5S
that, although features of the spectrum
of magnetic excitations similar to those discovered in the
hexaboride were not detected in actual experiments, their
existence has not been ruled out in view of the experimental
conditions, primarily in the portion of Q-E space investigated. For this reason, a purposeful experiment aimed at
finding the low-energy excitation in golden SmS would be
very interesting.
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