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Abstract. We examined the effect of 3p- and 5d-electron doping on the Kondo semiconductor
CeFezAlip by means of the electrical resistivity (p), magnetic susceptibility (x), and specific heat
(C) measurements. The results show that in the 3p-electron-doped system CeFezAljg_,Siy, the
semiconducting behavior is suppressed for y = 0.05, and the system adopts a metallic ground
state with an increase in the density of states at the Fermi level. The Si substitution leads
to a large decrease in the paramagnetic Weiss temperature 0p indicating a reduction in c-f
hybridization strength, however the Si does not induce magnetic order up to y = 0.3 down to
2 K. The systematic changes in p(T"), x(T'), and C(T") are similar to those for 5d-electron doped
system CeFes_,Ir,Alig, although, Ir substitution induces a bulk antiferromagnetic transition
below 3.1 K in CeFej 7Irg.3Alio. These changes can be explained by the collapse of the
hybridization gap due to the suppression of the c-f hybridization effect. Our results further
confirm that the collapse of the spin/charge gap by an excess electron doping is one of the
universal features of the Kondo semiconductors CeT>Alio (T' = Fe, Ru, and Os).

1. Introduction

The Kondo semiconductors CeTzAljg (T = Fe, Ru, and Os) have been studied intensively as the
compounds with 7" = Ru and Os exhibit antiferromagnetic (AFM) phase transitions at unusually
high temperature (T = 27.3 and 28.7 K, with a very low ordered state moment p ~ 0.40 and
0.29 up/Ce for T' = Ru and Os, respectively) despite the Ce-Ce distances of more than 54 in
the cagelike orthorhombic crystal structure [1]. Surprisingly, these Ty values are much higher
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than those in the isostructural gadolinium compounds Gd7»Al;y (In = 17.5 K for T = Ru
and 18 K for T' = Os with u ~ 7Tup) [2]. Optical conductivity measurements on CeTrAlyy (T
= Ru and Os) have revealed that a charge-density-wave-like instability develops along the b
axis at temperatures slightly higher than 7Ty which induces unconventional AFM ordering [3].
Furthermore, CeTbAlyg with T' = Fe, exhibits semiconducting behavior with nonmagnetic
ground state down to 45 mK [4]. Indeed, the temperature dependent resistivity obeys the
thermal activation-type form p(T") o< exp(A/kgT), for T <20 K, exhibiting a semiconducting
behavior. The temperature dependence of the magnetic susceptibility suggests an intermediate
valence behavior for CeFeyAljg with a strong magnetic anisotropy owing to the strong c-f
hybridization [4]. The optical conductivity measurements on CeFegAljy at low temperatures,
have revealed an optical transition across the hybridization gap between the conduction band
and the localized 4 f states, namely ¢—f hybridization, appears at 55 meV [5]. Due to the highest
degree of c-f hybridization, CeFeaAljg is expected to have the largest real gap or pseudogap
feature among the CeT>Alyy (T' = Fe, Ru, Os) materials [5].

In the present study, we have observed marked changes in the thermal and transport
properties of CeFeaAljp induced by 3p (Si for Al)- and 5d (Ir for Fe)-electron doping. The
low-temperature energy gap, which is proposed to be a consequence of strong c¢-f hybridization
is suppressed by a small amount of Si/Ir substitution, and the system adopts a metallic ground
state with an increase in the density of states at the Fermi level. With increasing Ir concentration
x in CeFey_,Ir, Aljg, the system undergoes long-range AFM order below 3.1 K for z = 0.3. On
the contrary, Si substitution does not induce magnetic order up to y = 0.3 down to 2 K. The
emergence of AFM order in CeFe; 7Irg 3Alg was attributed to the combined effect of weakening
of ¢-f exchange interaction and the lattice contraction along the b axis [6].

2. Experimental details

Polycrystalline samples of CeFezAljo—,Si, (y = 0.1,0.2,0.3), and CeFey_,Ir,Alyy (z =
0,0.08,0.16,0.3) were prepared by standard arc melting of stoichiometric quantities of high
purity elements. The obtained ingots were then annealed for a week at 1000 °C. Powder x-ray
diffraction confirmed the YbFeyAljo-type orthorhombic structure (space group Cmem)[Fig. 1(a)].
The crystal structures were refined by the Rietveld method and the lattice parameters as a
function of the z and y are shown in Fig. 1(a) and Fig. 1(b), respectively. All the samples
were single phase except for the sample y = 0.3, containing a small amount of CeAlggSi 1,
which orders ferromagnetically with Tc = 11 K [7]. The the lattice parameters and hence
unit cell volume of CeFeyAljg—,Si, decreases with increasing y, while the lattice parameters
exhibit anomalous changes for CeFes_,Ir,Aljg such that the unit cell volume remains almost
unchanged. The p(T') measurements were performed using a standard four-probe method using
the resistivity option of a Quantum Design Physical Property Measurement System (PPMS).
The C(T') was measured by the relaxation method in a PPMS. The x(7") was measured by using
a commercial SQUID magnetometer in a magnetic field B = 0.1 T.

3. Results and Discussion

Figure 2(a) shows the temperature dependence of electrical resistivity p(7") for CeFepAlyg_,Si,
(y = 0, 0.1, 0.2, and 0.3) down to 2 K. The p for y = 0 increases with decreasing 7', with
a broad hump near T, = 75 K and a sharp upturn below T" = 20 K. The low-temperature
behavior is well described by the activation law, p(T') = poexp (A/2kgT'), presenting a typical
Kondo semiconducting behavior. The —InT" behavior above T, can be ascribed to Kondo
scattering on the crystal field excited states. For y > 0.1, the Kondo semiconducting behavior
below T' = 20 K abruptly disappears and p (T') becomes metallic at low temperature. A similar
change in p (T') is also seen with x for CeFey_,Ir,; Alyg [Fig. 2(b)]. Therefore, the metallization in
CeFepAlyg seems to be favored by both 3p and 5d electron doping. In Si-doped CeFeaAlyg_,Siy,
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Figure 1. (a)The variation of the lattice parameters as a function of Ir concentration x for
CeFey_,Ir,Aljy (b) The variation of the lattice parameters as a function of Si concentration y
for CeFegAlyg—ySiy.

the low-temperature maximum in p at Ty ~ 30 K for y = 0.1, 0.2, 0.3 can be attributed to
the onset of Kondo coherence to the crystal field ground state and the high temperature —InT’
is the result of the Kondo scattering from the excited CEF states of Ce3t. A similar feature
in p(T) is also seen for CeOsaAljg where a metallic ground state has been realized with both
electron (Ir/Rh) and hole (Re)-doping [12].

Figures 2(c) and 2(d) shows the temperature dependence of magnetic susceptibility x for
CeFeoAlyg—,Siy and CeFes_,IryAljg. The low temperature x increases with increasing v,
however, no signature of bulk magnetic ordering could be seen down to 2 K up to y = 0.3.
The inverse susceptibility (xy~! vs T) data for CeFegAljo—,Si, (not shown here) follow the
Curie-Weiss like behavior at 7" > 100 K. A least squares fit to the x(7") data above 100 K with
the modified Curie-Weiss law yielded the effective magnetic moment peg = 2.32(4), 2.25(1),
2.20(3) and 2.13(1) pp/Ce, and paramagnetic Weiss temperatures ©p of —-377(6), —346(3), —
147(1), and —112(3) K for the samples with y = 0, 0.1, 0.2, and 0.3, respectively. The estimated
pefr are slightly smaller than 2.54 ug, expected for a free Ce3T ion. This discrepancy may be
due to crystal-field effects. A large and negative value of ©p is a common feature in Ce-based
compounds with strong ¢ — f hybridization [8]. The variation of |©p| with y for CeFeyAlyg—,Si,
suggests that the Si substitution suppresses the c¢—f hybridization and leads to the localization
of the Ce-4f electrons.

On the other hand, Ir substitution for Fe changes the system more strongly from the
intermediate valence regime to a localized regime owing to the suppression of ¢-f hybridization.
In fact, x(7T") of CeFey_,Ir,Aljg for = 0.3 exhibits a sharp peak at T = 3.1 K [shown by an
arrow in Fig. 2(d)], indicating a phase transition to an AFM ordered state, which was confirmed
through a muon spin rotation study [6]. The previous studies on CeT»Alyy (7' = Ru, Os), report
a gap related to the charge- and spin-density waves along the b axis, in addition to a hybridization
gap along all three axes [9]. It is also found that the application of uniaxial pressure along the
b axis strongly enhanced the Ty of CeT>Alyg (T" = Ru, Os) [10]. In CeFe; 7Irg3Al;o we have
observed an anomalous change in the lattice parameters, in particular a contraction along the
b axis, which may be taken as an effective uniaxial pressure in the system. This in addition to
the weakening of the ¢-f hybridization gives rise to magnetic ordering in contrast to Si doping.
Here it is important to note that the 3p (Si)- and 4d (Rh)-electron doping in CeRugAljg play an
equivalent role in both the formation of hybridization gap and the unusual AFM ordering [11].
The observed long-range ordered magnetic ground state with Ir substitution rather than the
paramagnetic ground state seen with Si substitution could, therefore, be attributed to the
combined effect of b axis behavior and weakens strength of the ¢-f hybridization.
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Figure 2. (a) T dependence of p for polycrystalline samples of CeFepAljg_,Siy. (b)
p(T) of CeFey_,IryAlyg. (c) x(T) for polycrystalline samples of CeFeaAljg—,Si,. (d) x(T)
of CeFey ,IryAlyg. (e) C/T versus T? for CeFeyAljg—,Siy. Inset: Heat capacity C(T)
for polycrystalline samples of CeFeyAljg—,Si, on a log-log plot. (f) C/T versus T? for
CeFeg_xIrxAllo.

The double logarithmic plot of heat capacity C versus T" for CeFeaAlyg_,Siy, (y =0, 0.1, and
0.2) are shown in the inset of Fig. 2(e). At T' < 10 K, C increases with increasing y without
any sign of magnetic ordering, reminiscent of heavy-fermion-like behavior. On the other hand,
for x = 0.3 in CeFey_.Ir, Aljg, a A-type anomaly is observed at T' ~ 3 K further indicating the
onset of long-range AFM ordering. Figures 2(e) and 2(f) show the variation of C/T with T?
for CeFeaAljg—ySiy and CeFes_,Ir,Alyg, respectively. For y = 0, C/T (or v) at 2 K is almost
zero, suggesting a very small or zero density of states at the Fermi level. However, for y > 0, v
is significantly enhanced and reaches 0.11 J/mole K? for y = 0.2. Similar behavior is also seen
for CeFey_,Ir,Aljg [Fig. 2(f)]. In other T-site substituted systems e.g. Ce(Fej_,Rh;)2Als,
Ce(Ruj—_zRhy)2Alg or Ce(Os1_zIr;)2Alg [12], the v value increases rapidly with x, which
is attributed to a rapid collapse of a hybridization gap (or spin gap) and the appearance of
conduction electrons with high effective mass at the Fermi level. We, therefore, anticipate that
the enhancement of ~ in the heat capacity of CeFeaAlyg_,Si, and CeFep_,Ir,;Alyg is associated
with the appearance of a finite density of states close to the Fermi level. Support for this
scenario comes from the behavior of the low temperature electrical resistivity. Thus, the above
characteristic doping effect is common in all the CeTyAljg systems (7= Fe, Ru, and Os) with
both 3p and 4d/5d-electron doping.

4. Conclusions

We have investigated the magnetic, thermal, and electronic transport properties of Si- and
Ir-substituted Kondo semiconducting compound CeFeyAljy using p(T), x(7), and C(T)
measurements. In CeFeyAlyg_,Si,, the localized nature of the Ce ion is much enhanced by Si
doping. However, no bulk magnetic ordering is observed down to 2 K even up to y = 0.3. On the
other hand, Ir substitution induces a bulk AFM transition below T = 3.1 K in CeFe; 7Irg 3Alg.
The observed long-range ordered magnetic ground state with Ir substitution rather than the
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paramagnetic ground state seen with Si substitution is attributed to the combined effect of
changes in the b axis and a weakening of the c-f hybridization. Our results further suggests
that the electron doping achieved by substituting Fe with Ir (or Al with Si), weakens the c-f
hybridization and destroys the Kondo semiconducting character and the spin/charge gapped
state at low temperatures.
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