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Abstract. We performed an “°As nuclear quadrupole resonance (NQR) measurement on
CeOsgAsi2. The 75As—NQR spectrum shape demonstrates that the Ce-site filling fraction of
our high-pressure synthesized sample is close to unity. A presence of the ¢ — f hybridization gap
is confirmed from the temperature dependence of the nuclear spin-lattice relaxation rate 1/71.
An increase of 1/T1 below ~3 K indicates a development of the spin fluctuations. The 1/7; for
CeOs4Asi2 shows similar behavior as that for CeOs4Sb12 with different magnitude of the ¢ — f
hybridization gap. An absence of phase transition in CeOssAsi2 may be caused by the increase
of the ¢ — f hybridization, which increases the gap magnitude and reduces the residual density
of state inside the gap.

1. Introduction

The filled skutterudite compounds with the chemical formula RTyX12 (R = rare earth; T =
Fe, Ru or Os; X = P, As or Sb) have unique body-centered cubic structure (space group:
Im3, T;:’ No.204); a rare-earth ion is surrounded by the cage consists of twelve pnictogen
atoms. As a consequence, strong hybridization occurs between conduction and f-electrons which
gives rise to various physical phenomena, such as metal-insulator transition, exotic multiband
superconductivity, unconventional heavy fermion state, and so on [1, 2, 3].

Most Ce-based filled skutterudite compounds show insulating or semiconducting behavior, on
the basis of which they are called hybridization-gap semiconductors or Kondo semiconductors.
The magnitude of the ¢ — f hybridization gap is related to a lattice constant of the crystal and
collapses for Sb-based compounds [4, 5]. Among them, CeOsySbo is one of unique compound
in Ce-base filled skutterudite which indicates an apparent spin fluctuations below ~25 K and
antiferromagnetic (AFM) order below ~1 K [6]. The AFM order is suppressed by applying
magnetic field upH ~ 1 T [7]. However, in the magnetic field above ~1 T, another ordered
phase with anomalous H — T phase diagram were reported [4, 8, 9].

Recently, Yan et al. reported similar band alignments for CeOss4Sbis and CeOsgAsio from
density-functional-theory calculations [10]. From their calculations, CeOs;Sbiy and CeOsyAso
are predicted to become topological Kondo insulators at low temperatures. Macroscopic
experiment also observed similar behavior between CeOssSbio and CeOsyAsyy [4, 11]. To clarify
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Figure 1. (a) ®As-NQR spectrum of CeOssAs12 at T = 70 K. (b) Temperature dependence of
the resonance frequency vnqgr. Solid curve indicates an empirical relation vnqr = v4(1 — aT3/ )
(see text).

its electric state from a microscopic viewpoint, we have carried out ">As-NQR measurement on
CGOS4A812.

2. Experimental

Polycrystalline of CeOsqAs1o was prepared at high-temperature and high-pressure using a wedge-
type cubic anvil high-pressure apparatus [5]. The compound was prepared by reaction of
stoichiometric amounts of each metal and arsenic powder at 4 GPa. The reaction temperature
and time were 800 °C and 90 min, respectively. The sample was characterized by powder X-ray
diffraction using CuKa; radiation and silicon as a standard. For the NQR measurement, the
crystal was powdered to facilitate applied rf-field penetration. The pulse NQR measurement was
performed on " As nucleus (I = 3/2) by a conventional spin-echo method using a conventional
phase-coherent spectrometer in the temperature range 0.2-300 K. The NQR spectrum was
obtained by a summation of the FFT spectrum as a function of frequency. The nuclear spin-
lattice relaxation time 77 was measured by a saturation-recovery method.

3. Results and Discussion
The NQR Hamiltonian is described as

hv, n
Ho= 2B~ I+ S(I1 + I2)), (1)
with vg = 213(62?7%& and n = %, where v is the nuclear quadrupole frequency, and 7 is

the asymmetry parameter. Here, Q is the nuclear quadrupole moment, and V,, = 0?V/0a?
(a = z,y,2) are three components of the electric field gradient (EFG) tensor, where V is the
electrostatic potential at the nuclear position. In the case of I = 3/2, one resonance line appears

at frequency,
_ n?
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Figure 2. Recovery curves m(t) of the nuclear magnetization M (¢) at T'= 100 and 1.3 K.

Figure 1(a) shows "®As-NQR spectrum at 70 K. The spectrum has almost symmetric shape
without additional peaks indicating the filling fraction of Ce atom is close to unity.

The temperature dependence of the NQR frequency vnqr, which is determined from the peak
position of the spectrum, is shown in Fig. 1(b). The vnqr increases with decreasing temperature
and becomes almost constant below ~ 50 K. Usually, thermal lattice expansion is one of the
origin of the temperature dependence of vNqr and an empirical relation

INQR = vg(1 — aT?/?) (3)

was often applied in simple metals such as Cd, In, and Sb [12]. Here, o and vy, are fitting
parameters. This relation can be applied above ~ 80 K as shown in the solid curve in Fig. 1(b).
However, a deviation from the fit is observed above 250 K, which might be related to different
temperature dependence of vg and 7.

The nuclear spin-lattice relaxation time 7 of " As-NQR was measured at the peak position
of the spectrum. Figure 2 shows the recovery curves of the nuclear magnetization m(t) =
1 — M(t)/My as a function of ¢, where My and M (t) are the respective nuclear magnetizations
for the thermal equilibrium condition and at time ¢ after the saturation pulse at 100 and 1.3
K. T} was obtained by fitting the recovery data with a theoretical recovery curve for I = 3/2,
which is expressed in a simple exponential function as

m(t) = exp(=3t/T). (4)

The solid lines shown in Fig. 2 indicate fits of the recovery data using the fitting function.
Figure 3(a) shows temperature dependence of 1/7; for CeOssAsjo. An evident decrease of
1/T7 with temperature indicates an existence of the ¢ — f hybridization gap, similar to other
Ce-based filled skutterudite compounds. To estimate a value of the gap, Arrhenius plot of 1/7}
is displayed in Fig. 3(b). It is apparent that 1/7} does not obey simple exponential behavior as
1/T1 x exp(—A/kgT) in the wide temperature range. This may be caused by the complicated
structure of the electric density of states (DOS) and the gap. Indeed, the electrical resistivity
was not described by a simple Arrhenius function expected for a semiconductor with a single
energy gap [11]. Instead, a phenomenological expression which has three exponential terms with
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Figure 3. (a) Temperature dependence of 1/T} at upH = 0 T (closed circles) and 0.1 T (open
circles), respectively. (b) Arrhenius plot of 1/7} at ugH = 0 T. Solid curve is a fit using the
phenomenological expression. (see text)

Table 1. Evaluated values of the hybridization gap for CeOssPnj2 (Pn = P, As and Sb). The
gap for CeOsyP12 is cited from Ref. 13. The lattice constants are also listed for comparison.
material  A1/kp (K) As/ks (K) As/ks (K) lattice constant (A)

CeOs4P 1y - 500 - 8.0626 [14]
CeOsyAsyy 1059 114 31 8.5296 [5)]
CeOs4Sbyy 283 32 8 9.3011 [15]

different gap were introduced to explain its temperature dependence. Hence, we try to fit 1/7}
using the similar phenomenological expression as follows:

1

3
?1 = ;Ai exp(—A;/kgT). (5)

Solid curve in Fig. 3(b) shows a fit of the data above 10 K using the expression. Estimated values
of the gap are listed in Table 1. As for CeOssShis, an evident spin fluctuations below ~25 K is
suppressed by applying high magnetic field ~15 T [8]. Therefore, we applied the same procedure
for the 1/} of CeOssShia at poH = 15 T and estimated the gap values. In addition, Magishi
et al. have reported that the 1/T7 of CeOssP12 shows activated-type temperature dependence
above 160 K as 1/T o exp(—A/kpT) with A/kp ~ 500 K [13]. These gap values and the lattice
constants are summarized in Table 1. This result reveals that the gap magnitude becomes smaller
with increasing lattice constant, although the multi-gap analysis was not applied in CeOs4P1s.

Next we focus on low temperature region of 1/7). If we consider a simple semiconductor
or insulator, 1/T} decreases exponentially with decreasing temperature. On the other hand,
several Kondo semiconductors or insulators show 777 = const. behavior at low temperature due
to an existence of the residual density of states inside the ¢ — f hybridization gap [16, 17]. In
comparison with these compounds, CeOsgAs1s shows different behavior at low temperature; the
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1/T; starts to increase below ~ 3 K which reveals a development of spin fluctuations similar
to CeOsySbia. In CeOsyShig, the spin fluctuations are suppressed by applying magnetic field.
Therefore, to investigate a similarity for both compounds, we have measured 1/77 under small
magnetic field pgH = 0.1 T. 1/T} shows magnetic field dependence below ~8 K as shown in
Fig. 3(a). Such magnetic field sensitive behavior was also observed in the electrical resistivity
[11]. To clarify the electric state of CeOsgAsi2 more properly, it is necessary to measure 1/7)
under various magnetic fields.

4. Summary

In summary, we have carried out As-NQR measurement on CeOssAsia. The As-NQR
spectrum indicates that the Ce-site filling fraction is close to unity for our high-pressure
synthesized sample. The temperature dependence of 1/7} shows an evident decrease with
decreasing temperature at high temperature region. An increase of 1/7; below ~ 3 K indicates
a development of spin fluctuations. The temperature dependence of 1/T; for CeOsyAs;2 shows
similar behavior as that for CeOssSb1s with different magnitude of the ¢ — f hybridization gap.
This result is consistent with the same band alignments predicted by theoretical calculations. An
absence of phase transition in CeOs4Asi2 may be caused by an increase of the ¢c— f hybridization,
which increases the gap magnitude and reduces the residual density of state inside the gap.
More detailed NMR experiment under various magnetic fields at low temperatures are required
to clarify the electric state of CeOssAsqs.
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