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Observation of two spin gap energies in the filled skutterudite compound CeOs,Sb,,
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The optical conductivity of the Kondo insulator compound CeOs,Sb;, reveals the formation of a 70 meV
charge gap below 160 K. It also exhibits a weak shoulderlike structure at 30 meV, below 60 K. We have
investigated CeOs,Sby, by inelastic neutron scattering techniques using incident neutron energies (E;) of 23
and 200 meV, at 5 and 176 K. Our measurements with £;=200 meV show magnetic scattering centered near
50-60 meV and low-Q (~3.8 A™") at 5 K, in addition to the continuum of magnetic scattering observed at
176 K. This clearly indicates the opening of a spin gap (or pseudogap) of the order of 50 meV at 5 K in the
strongly renormalized band near the Fermi energy. Furthermore, measurements with E£;=23 meV did not reveal
any evidence of magnetic excitations below 20 meV, consistent with the scenario of a spin gap in CeOs4Sby,.
However, the estimated magnetic scattering deduced from the E;=200 meV data reveals the presence of broad
magnetic scattering between 25 and 80 meV centered near 27 meV, indicating a second energy scale with a
gap energy of 27 meV. We interpret the 50 meV energy scale in terms of a direct gap, while the 27 meV
energy scale corresponds to an indirect gap across the two hybridized bands. This gap energy of 27 meV is in
good agreement with the so-called universal energy scale versus single ion Kondo temperature plot. We present
the general features of spin gap systems such as CeOs,Sb;, and CeRuySb,,, and discuss the role of crystal field

excitations regarding the spin gap formation based on a theoretical model.
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INTRODUCTION

Filled skutterudite compounds with the general formula
RT,X,, (R=rare-earth, T=transition metal, and X=P, As, and
Sb) exhibit various exotic ground state properties, such as
metal-insulator transition, unconventional superconductivity,
quadrupolar ordering, non-Fermi-liquid behavior, and hy-
bridization gap semiconductor.'~ These exotic ground states
result from competition between the usual Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction and the on-site screening
Kondo interaction.

According to conventional theories of strongly correlated
electron systems, the natural consequence of strong hybrid-
ization between f electrons and conduction electrons is the
opening of a gap in both charge and spin channels.®~'?> De-
spite their importance, there are few experimental observa-
tions of such gaps in real materials. Moreover, the O depen-
dence of the gap, in particular the spin gap, would provide
invaluable information regarding the microscopic mecha-
nism of the gap formation. Recently we have investigated the
formation of the spin gap and its relation to the charge gap,
in Ce, Yb, and U compounds using inelastic neutron scatter-
ing techniques.!*'® So far, we have successfully demon-
strated that such a hybridization gap indeed occurs at low
temperatures in the magnetic excitation spectrum of
CeRu,Sb, with the spin gap energy of A, =30 meV com-
pared with the charge gap (from optical studies) of Ay,
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=47 meV.>!3 On the other hand, a spin gap of 150 meV is
found for CeRhAs, somewhat higher than the charge gap of
100 meV measured from the x-ray photoemission spectros-
copy (XPS) measurements.'® However, despite the efforts by
ourselves and other authors, it is still worth investigating
spin and charge gaps in many other strongly correlated elec-
tron systems in order to understand better their microscopic
mechanism and compare the experimental results with theo-
retical predictions.

Transport property measurements indicate that the skut-
terudite compound CeOs,Sb, exhibits Kondo insulating be-
havior with a very small transport gap of 10 K.'”-!® The re-
sistivity of CeOs,Sb;, is metallic at room temperature, but
increases strongly, with decreasing temperature, below 50 K.
The two reported values of the specific heat coefficient, y
~90 and 180 mJ mole™" K2 (Refs. 17, 19, and 20) and en-
hanced Pauli-susceptibility indicate a strongly correlated
electron behavior of CeOs,Sby,.!” The susceptibility exhibits
a broad maximum near 100 K, which can be explained using
either a crystalline electric field (CEF) model with a CEF
splitting of ~28 meV for the Ce** ion!” or a valence fluc-
tuation model. Recent optical conductivity studies®' show a
strongly temperature dependent response with a pronounced
peak at 70 meV below 160 K, and a weak shoulder at
30 meV below 60 K. Thus CeOs,Sby, is a system with
charge gaps in the strongly hybridized band near the Fermi
energy, Ep. The peak at 70 meV was interpreted in terms of
an optical excitation across the direct gap with a momentum
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conserving (dQ=0) dipole allowed transition between the
two hybridized bands. On the other hand, the origin of the
weak shoulder at 30 meV was tentatively attributed to an
optically forbidden transition (dQ #0), which might be al-
lowed with a weak intensity in the presence of defects or an
impurity.?!

The key question regarding the charge gap feature found
in CeOs,Sby, is whether it is somehow connected to spin
degrees of freedom so as to produce a corresponding spin
gap in the magnetic excitation spectrum, which is then ob-
servable by inelastic neutron scattering. If such a spin gap
indeed exists, then it is important to determine whether it is
O dependent (indicating intersite coupling) or Q independent
(i.e., a single ion feature). An experimentally determined ra-
tio between the spin gap and the charge gap is also important
for a theoretical point of view. Furthermore, we would like to
understand the origin of 30 meV peak in the optical study
and the nature of the 4f electrons in CeOs,Sby,. This infor-
mation would be of particular significance in understanding
the origin of the gap formation in CeOs,Sby,. It should be
emphasised that although the optical studies were successful
in finding the charge gap they cannot offer any further infor-
mation about the Q dependence of the gap, due to the limi-
tations of this technique: any indirect optical transitions (i.e.,
dQ #0) are forbidden by the momentum conservation rule
within the first order optical processes.”> However, we note
that nondipolar transitions with dQ # 0 are possible in the
second order optical process through which a two-phonon
process occurs.??

In order to answer these questions, we have carried out
inelastic neutron scattering measurements on CeOs,Sb, and
the isostructural nonmagnetic reference compound
LaOs,Sby,. Our results show clear evidence of a spin gap or
pseudogap of 50 meV as well as a second energy gap of
27 meV in CeOs,Sb;, at 5 K. We interpret these two gaps in
terms of direct and indirect transitions, respectively.

EXPERIMENTAL

Our samples of polycrystalline CeOs,Sb;, and LaOs,Sb;,
were synthesized at Niigata University, Japan following the
synthesis recipe given in Ref. 24. Ce, La, and Os with 99.9%
and Sb with 99.999% purity were used as the starting mate-
rials. Our subsequent x-ray powder diffraction study showed
that both samples formed in the body-centered cubic struc-
ture, with almost no trace of secondary phases at 300 K. We
carried out a further study of the crystal structure of
CeOs,Sb;, at 300 K using the high resolution neutron pow-
der diffractometer HRPD at ISIS, UK. The magnetic suscep-
tibility of CeOs,Sb;, was measured using a commercial
SQUID magnetometer (Quantum Design MPMS-5XL,
USA). Inelastic neutron scattering measurements on
CeOs,Sb;, and on the nonmagnetic reference compound
LaOs,Sb,, were carried out using the time-of-flight chopper
spectrometer HET at ISIS, with incident neutron energies
(E;) of 23 and 200 meV at 5 and 176 K. The observed scat-
tering intensity was converted into absolute units of mb/sr/
meV/f.u. by normalizing the measured scattering intensity to
that from a standard Vanadium sample. We also made cor-
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FIG. 1. (Color online) Powder neutron diffraction pattern from
CeOs,Sby, taken at 300 K using the HRPD diffractometer at ISIS.
Symbols are for the data points while the line underneath them is
for the refinement results. Two rows of vertical bars correspond to
the phases of CeOs,;Sby, (bottom), pure Os metal (top). The line at
the bottom is for the difference curve.

rections to the data for sample absorption and attenuation
using a flat-plate geometry option available in the ISIS data
reduction program.

III. RESULTS AND DISCUSSION
A. Neutron diffraction

Rietveld analysis of our neutron diffraction data at 300 K
using the GSAS program confirmed that CeOs4Sb,, crystal-
lizes in the Im-3 space group (No 204) and that the sample
was of high quality. We found weak impurity peaks, corre-
sponding to about 1.8% in volume, of pure Os metal, which
crystallizes in the hexagonal structure with lattice parameters
a=2.73412(1) A and ¢=4.3193(1) A (see Fig. 1). For the
structure refinement of CeOs,Sb;,, we have assigned Ce on
2a (000),0son 8¢ (1/4,1/4,1/4), and Sbon 24 g (0,y,z)
crystallographic sites. The estimated value of the cubic lat-
tice parameter a=9.303 59(4) A, compared with 9.299 A at
5 K,» and the atomic position parameters of Sb atoms are
xs5=0, y5,=0.156 278(8), and zg,=0.340 55(8). The occu-
pancy and isotropic thermal factors were also refined in our
analysis. The values of the occupancy factors are 1.01(1) for
Os and 1.04(1) for Sb (the occupancy of Ce was kept fixed at
1.000 during the Rietveld refinement), which corresponds to
full occupancy of all the atoms. The isotropic thermal factors
(in A% are 0.0420(16) for Ce, 0.0097(3) for Os, and
0.0062(6) for Sb. It is to be noted that the larger value of the
isotropic temperature factor observed for the Ce atom is con-
sistent with the rattling motion expected for the Ce atoms in
this structure. Our observation is also consistent with the
extended x-ray-absorption fine structure (EXAFS) studies on
various skutterudites.”® The low value of the Einstein tem-
perature g=71 K obtained for the Ce-Sb pairs in CeOs,Sb,
strongly supports the concept of a “rattling” local mode be-
havior for the Ce ions. Furthermore, the EXAFS analysis
also indicates that this rattling frequency is much smaller in
the antimonide skutterudites than in the phosphide ones.?
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FIG. 2. (Color online) Temperature dependence of (a) magnetic
susceptibility and (b) inverse magnetic susceptibility of CeOs,Sb,.
The solid line (in b) represents the Curie-Weiss fit. The inset in (a)
shows the magnetization data at 2 K.

This result indicates that the larger the void within which the
Ce atom is located, the lower its rattling frequency. The bond
distances obtained at 300 K are Ce-Sb=3.4860(9) A,
Ce-0s=4.0285(1) A compared with those reported at 5 K of
3.47 and 4.00 A, respectively.?’ Therefore the change in the
Ce-Sb distance is barely 0.46% compared with 0.71% for
Ce-Os. These smaller changes in the atomic distances may
suggest that the lattice degrees of freedom are not playing an
important role in the gap formation in CeOs,Sb,.

B. Magnetic susceptibility

Figures 2(a) and 2(b) shows the temperature dependence
of the magnetic susceptibility and inverse susceptibility of
CeOs,Sb, measured in an applied field of 0.1 T. The sus-
ceptibility is weakly temperature dependent between 50 and
300 K, displaying a broad hump centered near 100 K. The
inverse susceptibility exhibits Curie-Weiss behavior between
200 and 300 K with an effective paramagnetic moment .
=241 ug/Ce atom and a Curie-Weiss temperature Gcow=
—28 K. Our susceptibility results are in agreement with those
previously published.!” However, there is a certain difference
in the values of w. and 6w, which may be due to the
different temperature range used for the estimate of the pa-
rameters, or to a difference in the impurity contribution. For
example, the observed low-temperature rise in the suscepti-
bility was attributed in Ref. 17 to an impurity contribution,
after estimating the Pauli susceptibility from the high field
magnetization measurements. Bauer et al.'” analyzed their
susceptibility data using a cubic CEF model, which gave a
crystal field splitting of ~31 meV between the ground state
doublet I'; and the excited quartet I'g. However, the previous
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FIG. 3. (Color online) (a—d) The observed scattering from
CeOs,Sby, and LaOs,Sby, measured with an incident neutron en-
ergy E;=23 meV at low Q and high Q at 5 and 176 K.

neutron scattering measurements by Yang et al’® and our
present results, discussed below, do not show any clear sign
of a well-defined crystal field excitation: we have observed
only a very broad inelastic response at 27 meV. The inset in
Fig. 2(a) shows our magnetization measurements at 2 K: the
almost linear behavior observed here is that expected for the
paramagnetic ground state of CeOs,Sby,.

C. Inelastic neutron scattering

Figures 3(a)-3(d) shows the observed scattering from
CeOs,Sb;, and LaOs,Sb,, measured with E;=23 meV at low
0 (1.26 A™") and high Q (5.69 A~") at 5 and 176 K. As one
can see in Fig. 3(a), there is no clear evidence of quasielastic
magnetic scattering below 20 meV in CeOs,Sby, at 5 K. On
the other hand, it is noticeable that at 176 K there is signifi-
cantly stronger scattering at low Q for CeOs,Sb;, than for
LaOs,Sb;, [see Fig. 3(c)]. This indicates the presence of
quasielastic magnetic scattering in CeOs,Sb;, at high tem-
perature. This was further confirmed by our estimate of the
magnetic scattering from CeOs,Sb;, using the following
method: 3

S(Q, ®)ntag = S(Q, W) ceosasviz = S(Q5 ®) Laosaspiz X @,

where the scaling factor « is the ratio of the total scattering
cross section of LaOs,Sb;, to CeOs,Sby,. This ratio is esti-
mated to be ~1.0 after taking into account the relatively
small sample masses (~8 g). Figure 4 shows the estimated
magnetic scattering from CeOs,Sby, at 5 and 176 K with
E;=23 meV. Again, there is no magnetic scattering at 5 K
while at 176 K we can see a clear presence of quasielastic
scattering. These results demonstrate that there is no clear
magnetic scattering up to 20 meV at 5 K, i.e., a spin gap,
which upon heating becomes a quasielastic response at
176 K. This observation seems to be in agreement with the
temperature dependent response observed in the optical
study.?! Using the Kramers-Kronig relation (discussed below
in more detail), we estimate the Curie contribution of the
susceptibility at 176 K as ~2.7(3) X 1073 emu/mol based on
the measured quasielastic response.
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FIG. 4. (Color online) Magnetic scattering from CeOs,Sb;, at 5
and 176 K, measured with E;=23 meV. The solid line represents
the fit to a Lorentzian function.

In order to cover a larger range of energy and wave vector
(Q) transfer, we carried out inelastic neutron scattering mea-
surements using a higher incident neutron energy of E;
=200 meV with the aim of determining the excitation spec-
trum corresponding to the 70 meV charge gap observed in
the optical study.’! Figures 5(a)-5(d) show the observed scat-
tering intensity from CeOs,Sb;, and LaOs,Sb;, at 5 and
176 K at low Q (3.8 A™") and high Q (15.1 A~"). There is
noticeably a higher scattering intensity around energy trans-
fers of 50—60 meV at low Q in CeOs,Sb, at 5 K than at
176 K. Although the intensity change is relatively small,
nevertheless it is a genuine response from the sample, as one
does not expect a large change in the population factor for
excitations near 60 meV (692 K) by increasing the tempera-
ture from 5 to 176 K. This has been further confirmed by the
observation that there are no such changes in the LaOs,Sb;,
data [Figs. 5(c) and 5(d)] for both low and high Q as well as
the high-angle data of CeOs,Sb,, [Fig. 5(b)]. This change in
the intensity becomes clearer when the data from the 4 and
2.5 m detector banks of the HET spectrometer (at scattering
angles of 4.9° and 19°, respectively) are plotted separately
[see insets of Figs. 5(b) and 5(d)]. We therefore interpret the
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FIG. 5. (Color online) (a—d) The observed scattering from
CeOs,Sby, (a,b) and LaOs,Sb;, (c,d) measured with an incident
neutron energy £;=200 meV at low Q and high Q at 5 and 176 K.
The insets show the low angle data from the 4 m bank (top) at
20=4.9° and the 2.5 m bank (bottom) at 20 =19°.
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FIG. 6. (Color online) The difference between two scattering
data sets taken at 5 and 176 K from CeOs,Sb;, and LaOs,Sb;,
measured with an incident neutron energy £;=200 meV at low Q.

observed change in the intensity near 50—60 meV as due to
a magnetic excitation from the lower hybridized 4f band to
the upper hybridized 4f band near the Fermi level [see the
inset Fig. 7(b)]. In order to confirm the magnetic nature and
QO dependence of the 50-60 meV peak in CeOs,Sb;,, we
have estimated the magnetic scattering using the following
two methods: (i) direct subtraction of the two data sets, i.e.,
Ss k—S176 x> and (ii) correcting the 176 K data for the popu-
lation factor before the subtraction, i.e., S5 x—S76 kX Bose
factor (5 K)/Bose factor (176 K). A similar analysis was also
carried out for the LaOs,Sby, data. The difference spectra
obtained from both methods produced a peak in the inelastic
response at ~60 meV for CeOs,Sby,, but not for LaOs,Sb;,
(see Fig. 6, method i). The peak position was found to have
a clear Q dependence: ~50 meV at Q=1.5 A-"and 59 meV
at 0=3.3 A~! (see the insets of Fig. 5). Moreover, the inte-
grated intensity from 40 to 80 meV decreases with increas-
ing Q and follows as expected the Ce** magnetic form factor
squared, F>(Q), confirming the magnetic nature of the scat-
tering.

To check further the presence of a lower energy excitation
as observed near 30 meV in the optical study, we have esti-
mated the magnetic scattering in CeOs,Sb;, by subtracting
off the phonon contribution using the LaOs,Sb;, data. The
estimated magnetic scattering of CeOs,Sb;, at 5 K is shown
in Fig. 7(a). The inset shows clearly that the magnetic scat-
tering is greater at 5 K than at 176 K. The vertical arrows
indicate the position of the charge gaps observed in the op-
tical study.”! At 5 K, the magnetic scattering has a peak
around 27 meV and extends as high as 80 meV. Further-
more, the estimated magnetic scattering at 176 K shows
similar behavior, but with a much reduced intensity between
25 and 80 meV [inset Fig. 7(a)]. Again the Q dependence of
the energy integrated intensity between 30 and 75 meV fol-
lows, as expected, the square of the Ce** magnetic form
factor [see Fig. 7(b)]. It is also interesting to calculate the
magnetic susceptibility from the observed inelastic magnetic
response and compare this value with that of the bulk sus-
ceptibility. Using the sum rule for the uniform bulk suscep-
tibility (the so-called Kramers-Kronig relation), [x"(w)/w
dw=x'(0), and taking a numerical integration of the data, we
have estimated '(0)=5.9(1) X 10~} emu/mol at 5 K. This
value of the susceptibility is comparable to the value esti-
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FIG. 7. (Color online) (a) The estimated magnetic scattering of
CeOs,4Sby, at 5 K after subtracting the scattering from LaOs,Sb;,
(see text). The solid and dash lines represent the fit using two
Lorentzian functions (see text). The inset shows the magnetic scat-
tering at 5 K and 176 K for comparison. (b) It shows the Q depen-
dence of the total intensity integrated between 30 and 75 meV at
5 K (symbols) and the square of the Ce’* magnetic form factor
(solid line, scaled to 2.88 at 0=0) (Ref. 39). The inset in (b) shows
a schematic picture of the hybridized bands (solid lines) and pos-
sible interband transitions (direct and indirect) shown by the arrows
with energy transfer (AE) and momentum transfer (dQ) from Ref.
6. The dotted lines represent the unhybridized 4f band (e;) and
conduction band (g).

mated from the high field magnetization measurements
~9(1) X 10~ emu/mol, but smaller than the bulk suscepti-
bility ~20(1) X 1073 emu/mol."” It is to be noted that our
estimate of the susceptibility using the inelastic neutron data
contains the Van-Vleck contribution but not any Curie-like
contribution, which may arise from a quasielastic response,
if present. Unfortunately, however, our present experimental
resolution was not sufficient to detect any narrow quasielas-
tic line. The estimated value of the Van-Vleck contribution to
the susceptibility from the 200 meV data taken at 176 K is
1.7(7) X 1073 emu/mol. Thus the total contribution to the
susceptibility at 176 K (from both 23 and 200 meV data) is
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4.4(8) X 1073 emu/mol, which is in better agreement with
the measured bulk susceptibility.

We have analyzed our magnetic scattering data at 5 K
taken with E;=200 meV using a single Lorentzian function
convoluted with the instrument resolution function [see Fig.
7(a)]. However, this approach does not give a good fit to the
data between 40 and 80 meV. Thus we have used two
Lorentzian functions, which improve the fit in this energy
range [see Fig. 7(a), the solid line represents the fit and the
dash lines represent the components of the fit], and yields
peaks centered at 27(2) meV and 48(2) meV with linewidth
5.2 meV for both. The value of x'(0) estimated from the
total intensity of these peaks is 4.0(5) X 10~ emu/mol, in
agreement with that estimated by the previous numerical in-
tegration method. This analysis seems to support our claim
that there exist two energy gaps in the inelastic response of
CeOs,Sb,, which is in agreement with the optical study.?!

The observed magnetic response in CeOs,Sby, raises sev-
eral interesting questions. The first question concerns the na-
ture of the gaps around 27 and 48 meV. Possible explana-
tions could be in terms of a crystal field excitation (I'; to I'y)
as interpreted in the magnetic susceptibility in Ref. 17 or a
spin gap formation in the strongly hybridized band near Eg
corresponding to the charge gap of a similar magnitude as
observed in the optical study.?! However, the explanation
based on the crystal field excitation has obvious limitations
here. For example, one cannot have two CEF excitations for
a Ce** ion in cubic symmetry. Furthermore, we note that the
isostructural compounds PrOs,Sb;, and PrRu,Sb;, exhibit
very sharp CEF excitations.?”?® Using the CEF parameters
obtained for PrOs,Sb;, and scaling them with a simple point
change model, we estimate a CEF splitting of 7.4 meV for
CeOs,Sb;, with T'g as the ground state. Thus we consider
that the observed magnetic response in CeOs,Sb;, cannot be
due to a pure crystal field-type excitation, but is most likely
to be dominated by the presence of strong hybridization ef-
fects. Theoretical models predict that the strong hybridiza-
tion present in Kondo lattice systems should open an energy
gap near E.° Hence, we attribute the observed response to a
spin gap formation near Eg. As we have observed spin gap
signatures at ~27 meV and at ~50 meV, we propose natu-
rally that they should correspond to the charge gaps of 30
and 70 meV as observed in the optical study. Therefore, our
data and interpretation show that the observed ratio of the
spin and charge gaps is 0.7-0.9 (using the peak positions
from our fit) for CeOs,Sb,. This is in accord with the theo-
retical prediction of 0.7-0.9 for the Anderson Lattice Model
(ALM) with infinite dimension: for the one-dimensional
(1D) ALM the ratio is predicted to be around 0.3-0.4.%-10-30:31

‘We now address our second question: whether there is any
common feature between the spin gap formation experimen-
tally observed in both CeOs,Sb;, and CeRu,Sb,. It is con-
ceivable that the observed response near 27 meV in
CeOs,Sb;, has something in common with that observed
in CeRu,Sb;, and many intermediate valence Ce
compounds.®!3-162% However, the strong temperature depen-
dence of the excitation observed in CeOs,Sby, near
50-60 meV, in addition to the broad magnetic response, is a
unique feature, not observed in other Ce based compounds.
There is also an interesting and perhaps important difference
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to be noticed in CeRu,Sb,, CesPt;Bi, and other spin gap
systems in that the temperature dependent susceptibility ex-
hibits a clear and pronounced broad maximum for these sys-
tems, which is not the case in CeOs,Sb;, (the maximum is
very weak). As we noted before, the observed broad hump in
the susceptibility of CeOs,Sb;, was explained in terms of a
CEF model.!” This then opens up a very interesting possibil-
ity that crystal field effects play some role in the spin gap
formation and hence the bulk properties of CeOs,;Sb;,. The
importance of a certain CEF ground state for the opening of
an anisotropic spin gap has been discussed theoretically for
CeNiSn.!112

Our third question concerns the origin of the two energy
scales, 27 and 50—60 meV, seen in our inelastic neutron
scattering results. This experimental observation is particu-
larly unusual. However, we note that two energy scales have
been observed in recent studies of polycrystalline YbAl; and
single crystal studies of YbAl; and YbB;,.*>3 Following
the discussions given in these publications, we can interpret
the low energy excitation seen at 27 meV as an indirect ex-
citation, with dQ # 0, across the hybridized bands, while the
higher energy excitation at 50—60 meV may originate from a
direct excitation across the hybridized bands with Q=0 [see
the inset in Fig. 7(b)]. The intensity of inelastic transitions in
interband scattering (i.e., indirect and direct transitions) is
proportional to the product of the density of states in the
initial and final states.>> Theoretical calculations show that
the top of the lower band and bottom of the upper band are
strongly dominated by 4f density of states and the remaining
part of the bands are dominated by conduction electrons,
hence low density of states.® Therefore, the intensity of the
low energy peak (i.e., the indirect excitation) is expected to
be stronger than that of the high energy peak (i.e., the direct
excitation). In this scenario, the most intense peak occurs at
the threshold value of energy transfer for the indirect transi-
tions from the zone boundary of the lower band to the zone
center of the upper band.

Recently a theoretical model was proposed for the
pseudogap formation in Ce, Sm, Eu, and Yb based com-
pounds by Hanzawa et al.,’® who discussed the various limits
of CEF and its roles in the gap formation. Their model con-
sidered a variety of energy gap features depending on the
strength and symmetry of the CEF. The three cases they dis-
cussed are: (i) No CEF effect—in this case a fully isotropic
gap opens at the Fermi level, (ii) Large CEF effect—if the
CEF splitting is huge then an anisotropic full or pseudogap
opens, and (iii) Intermediate CEF effect—when Acpp~ Agyps
then rather complicated but interesting features appear in the
gap formation.’® As shown for the J=5/2 Sm>* case with a
cubic crystal field, a full gap opens for the case of the I'g
ground state, while a small but finite density of states re-
mains in the pseudogap region for the I'; ground state. Al-
though Hanzawa et al. did not discuss the case of Cet, it is
not unrealistic that as Ce** also has J=5/2 the observed
temperature dependence of the susceptibility and the high y
value of CeOs,Sby, may well be explained qualitatively with
the I'; ground state model and finite density of states at Ef.
This finite density of states can then give a high value of y
and Curie-type rise in the susceptibility.
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FIG. 8. (Color online) The estimated spin gap (i.e., peak posi-
tion of inelastic response) versus Kondo temperature, Ty for several
heavy fermion systems: Tk is taken as three times the temperature
at which the dc susceptibility exhibits a maximum [Ty
=3"T(Xmaxi)» See the text]. The solid line represents a linear behav-
ior. The data of CeFe,Sby, and U,RuGag are taken from Refs. 40
and 41.

In this connection, it is very interesting to note that a
recent study of the nuclear-spin relaxation rate 1/7,, mea-
sured using Sb-NQR, of CeOs,Sb,, showed the presence of a
gap Ayyr=27.6 meV with a finite residual density of states
(DOS), N/N,,=0.3 at the Fermi level.” The value of the gap
estimated from the nuclear quadrupole resonance (NQR)
study is remarkably similar to the spin gap of 27 meV (low
energy gap) found in our neutron scattering studies.

According to a single ion impurity Anderson model,?® the
Kondo temperature Ty is related to the temperature 7,,,, at
which the bulk susceptibility exhibits a maximum, i.e., T
=3Tax- In order to compare the magnitude of the spin gaps
observed in CeOs,Sby, with that of the single ion Kondo
temperature, we have plotted the inelastic peak position ver-
sus Tk (i.e., three times Ty, in Fig. 8, of CeOs,Sb,, along
with many Ce and Yb systems. It is clear from Fig. 8 that the
spin gap increases linearly with Ty (~3T,,,c) and exhibits a
universal behavior for Ce and Yb systems. Further, the gap
of 27 meV (obtained from the peak position) of CeOs,Sb,
lies on the universal line, whereas the 50—60 meV gap (not
shown in Fig. 8) exhibits a considerable deviation. This in-
dicates that the 27 meV indirect gap in CeOs,Sb;, has a
single-ion nature. It is to be noted that our present study
using a polycrystalline sample cannot discuss the exact na-
ture of the 50—60 meV excitation. For this, we would need
to study single crystal CeOs,Sb,,: unfortunately, sufficiently
large crystals are not yet available.

CONCLUSIONS

In conclusion, we have carried out inelastic neutron scat-
tering measurements on CeOs,Sb,, and the nonmagnetic ref-
erence LaOs,Sby, to study the spin gap formation in the
former. Our inelastic neutron scattering study with E;
=23 meV does not reveal any magnetic scattering below
20 meV at 5 K, but shows the presence of quasielastic scat-
tering at 176 K. Furthermore, our measurements with E;
=200 meV clearly show the presence of two energy scales,
27 and 50-60 meV, which we attribute to an indirect exci-
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tation and a direct excitation across the hybridized bands
near the Fermi energy in agreement with the previous optical
study. The spin gap of 27 meV seems to follow a universal
scaling behavior with the Kondo energy estimated from the
bulk susceptibility, and hence the single ion Kondo interac-
tion seems to be responsible for the spin gap formation. On
the other hand, the 50—60 meV excitation shows a strong
temperature dependence as well as a weak Q dependence,
suggesting the effect of lattice coherence is also playing an
important role in the spin gap formation in CeOs,Sb;,. We
hope that our present study will stimulate new theoretical
investigations that might lead to a complete understanding of

PHYSICAL REVIEW B 75, 014418 (2007)

the two observed energy scales in CeOs,Sb;, as well as in
YbA13 and YbB]z.
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