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The measurements on temperature dependences of magnetic susceptibility x(7'), specific heat C(T'), and electrical
resistivity p(T) were carried out for the antiferromagnetic (AFM) (Ce;_,La,),Ir3Ges (0 < x < 0.66) system. It was
found that the Neel temperature 7Ty decreases with increasing La content x, and reaches 0 K near a critical content x¢; =
0.6. A new phase diagram was constructed based on these measurements. A non-Fermi liquid behavior in p(7') and a
log T relationship in C(T') were found in the samples near x, indicating them to be near an AFM quantum critical point
(QCP) with strong spin fluctuation. Our finding indicates that (Ce|_,La,);Ir3Ges may be a new platform to search for

unconventional superconductivity.
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1. Introduction

Quantum criticality has become one of the most fasci-
nating subjects in condensed matter physics for the last two
decades. As a system reaches a certain threshold point, quan-
tum fluctuations at 0 K are so strong that the metallic state
of the system is broken. Quantum critical fluctuations are
the strongest disturbances that can be exerted on the metallic
state, which are the top candidates to explain the mysterious
behaviors of heavy fermions,!?! high-temperature supercon-

(341 and doped ferromagnetic and antifer-

ductivity in cuprates,
romagnetic (AFM) systems.!'3] Heavy-fermion compounds
have played the key role in the study of the AFM quantum
critical behavior. Recently, AFM Kondo-lattice systems have
been tuned to the quantum critical point (QCP) by modifying
the external parameters, such as the magnetic field, pressure,
and chemical doping, ® and many exotic quantum phenomena
have been found near QCP. In CeColns, "] CeCusAgos, [10]
and YbRh;Sip,'1:12l AFM QCP can be realized by modify-
ing the magnetic field. While in CeRh;Si,,!"3! CeCu,Ge,, ']
Celns, and CePd,Si, 11 systems, the Neel temperature Ty can
be driven to 0 K by an external applied pressure. There are
a few examples for the realization of AFM QCP by chem-
ical substitution in the Ce-based heavy-fermion Kondo lat-
tice systems, such as in Ce(Cuj_,Au,)s (x = 0.1)[1 and
(Celnz_,Sny),['7! which are close to AFM QCP.

Ce,Ir;Ges is an AFM Kondo-lattice system with Neel

DOI: 10.1088/1674-1056/26/1/017401

temperature Ty = 9.5 K.['8) It crystallizes in the tetragonal
(U,Co3Sis) structure (Ibam). While LasIr3Ges is a non mag-

191 which crystallizes in the same structure

netic compound,
as that of Ce,Ir3Ges. Yuan and his coworkers!?%! found that
the magnetic order in Ce;Ir3Ges can be easily suppressed by
applying a hydrostatic pressure. Here we show that the AFM
order can be suppressed by the partial substitution of La for
Ce in the (Cej_,La,),Ir3Ges system. It is found that the Ty
decreases with increasing La content and reaches 0 K near a
critical content x.; = 0.6. A new phase diagram is constructed
based on our measurements for this system. The non-Fermi
liquid behavior in p(T') and the log T relationship in C(T') of
the samples near x.; demonstrate that strong spin fluctuation
emerges in these samples, indicating them to be near AFM
QCP.

2. Experimental method

Polycrystalline samples of the solid solutions
(Cej—_xLay)aIr3Ges (0 < x < 0.66) were prepared by a con-
ventional arc-melting method. The starting materials were
cut from pieces of Ce (Alfa Aesar, 99.9%), La (Alfa Aesar,
99.9%), Ir (Alfa Aesar, 99.9%), and Ge (Alfa Aesar Pura-
tronic, 99.9999%). After melting, each sample was flipped
over and re-melted several times for homogeneity. The re-
sulting samples were sealed inside evacuated quartz tubes and

annealed at 930 °C for one week. It was found that the net
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weight loss was less than 1% for each sample during these pro-
cesses. Powder x-ray diffraction patterns for all the samples
were recorded at room temperature by a PANalytical x-ray
diffractometer (Model EMPYREAN) with monochromatic
Cu Koy radiations. Analysis of the x-ray powder-diffraction
data was made by using the High ScorePlus software. The
DC magnetic susceptibility was measured at a magnetic field
of 1000 Oe using a Quantum Design MPMS (SQUID). The
heat capacity and resistivity measurements were carried out
by using a Quantum Design physical properties measurement
system (PPMS).

3. Results and discussion

Figure 1(a) shows the powder x-ray diffraction (XRD)
pattern of the un-doped Ce;Ir;Ges sample, together with its
Rietveld refinement (weighted profile factor Rwp = 2.35%
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Fig. 1. (color online) (a) X-ray diffraction patten of Ce,Ir;Ges and its
Rietveld refinement. (b) Powder XRD patterns of (Ce;_,La,)2Ir;3Ges
(x=0.1, 0.3, and 0.6) samples. Lattice parameters (c) a, (d) b, and (e) ¢
as functions of the La content x for (Cej_,Lay),Ir3Ges (0 < x < 0.66).

and the goodness-of-fit > = 1.58). All the peaks can be in-
dexed by a U>Co3Sis orthorhombic structure,*!! with a space
group of Ibam. Figure 1(b) shows the XRD patterns of the
(Cej—xLay)sIr3Ges (x = 0.1, 0.3, and 0.6) samples, indicating
that all the samples (0 < x < 0.66) are a single phase. The
lattice parameters were obtained by fitting the XRD data, as
shown in Figs. 1(c)—1(e). For example, for the pure Ce;Ir3Ges
(x =0.0) sample, a = 10.198(1) A, b= 11.938(1) A, and ¢ =
6.069(1) A, which are the same as those reported by Hossain
et al.'"® With increasing La content x, the lattice parameters
a, b, and c increase monotonically, which is consistent with
the fact that the ionic radius of La3* (1.061 A) is larger than
that of Ce3* (1.034 A). These results demonstrate that La3*
can uniformly substitute for Ce*t in the (Cey_,La,)Ir3Ges
(0 <x <0.66) system.

0.04 ————————1——————————
(Cel—mLam)QII‘3Ge5 -0-0
0.03 |
T
o
z
2
3 0.02 |
~
<
0.01 |
0 4 8 12 16 20
T/K
- s
250 p =0 -
-100 > Hett w 4\§
B [ E~
120 B B o e B »'
200 | -140 .,,l 2
160} W !
! 0 02 0.4 0.6
é La content x
3 150 |-
°
g
~
7100
=
50 4 g
((((((((((i(((:((((:(((((:(((11((((((((((((((((((((:(5
(b)
0 -

1 1 1 1 1 1
150 200 250 300
T/K

1 1 1
0 50 100
Fig. 2. (color online) (a) Temperature dependence of magnetic suscep-
tibility, x(7T'), for (Ce;—_yLay)2Ir3Ges (0 < x < 0.66), under an applied
magnetic field of 1000 Oe. (b) The inverse susceptibility fitted with
the Curie—Weiss law for (Ce;_,La,)2Ir3Ges (0 < x < 0.66). The in-

set shows effective moment po¢r and Curie—Weiss temperature 6 for the
0 <x <0.66 samples.

Figure 2(a) shows the temperature dependence of the
magnetic susceptibility, x (T'), for the (Ce;_,La,),Ir3Ges (0 <
x <0.66) samples below 20 K in a magnetic field of 1000 Oe.
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For the pure Ce,Ir3Ges sample, the AFM transition is char-
acterized by a little decrease in x(7T) at Neel temperature
Tx = 9.5 K as reported by Hossain et al.!'8! With increasing
La content, Ty decreases and becomes invisible for x.; = 0.60.
A similar behavior has been discovered in Ce;Ir;Ges under an
external pressure.?’! Figure 2(b) displays the temperature de-
pendence of the inverse magnetic susceptibility, x ! (T, for
the (Cej_,La,)Ir3Ges (0 < x < 0.66) samples. It is clear that
the (T curves exhibit a linear behavior above 100 K. To
fit the x(T) data above 100 K, we used the modified Curie—

Weiss law!!18]

xX=x+C/(T—-0), (1)

where ) represents the temperature-independent susceptibil-
ity, C is the Curie constant, and 0 is the Curie—Weiss tem-
perature. For the pure Ce,Ir3Ges (x = 0.0) sample, the ef-
fective moment ;s = 2.8 Uup was estimated by this fitting,
which is close to that for a free Ce’* ion (2.54 ug). It
was also found that the effective moment g ~ 2.83 up
for all the (Cej_,La,)2Ir3Ges (0 < x < 0.66) samples is al-
most independent of the La content, as shown in the inset of
Fig. 2(b), indicating that there is no effect on the delocaliza-
tion of the 4f electron from the partial substitution of La for
Ce. The negative Curie—Weiss temperature, 8 = —158 K for
the x = 0.0 sample, indicates the presence of the Kondo inter-
action. As shown in the inset of Fig. 2(b), it is clear that 6 in-
creases with increasing La content, from —158 K (x = 0.0) to
—78 K (x = 0.66), which is related to the Ruderman—Kittel—
Kasuya—Yoshida (RKKY) coupling. It is clear that the dis-
tance between the Ce-ions increases with the La doping, then
the RKKY coupling becomes weaker, as discussed by Lora-
Serrano et al. for Nd;_,La,RhIns. 22

Figure 3(a) shows the temperature dependence of the re-
sistivity, p(T'), for the (Ce_,Lay)2Ir3Ges (0 < x < 0.66) sam-
ples. The p(T) curves for the x < 0.5 samples show a typi-
cal behavior of the AFM Kondo-lattice system. For the pure
CesIr3Ges (x = 0.0) sample, with decreasing temperature, the
resistivity decreases monotonously to ~ 240 pQ-cm at 9.5 K,
then drops sharply to ~ 34 uQ-cm at 2 K, which is asso-
ciated with the AFM transition. For the (Ce;_,La,),Ir3Ges
(0.1 <x <0.5) samples, their resistivity decreases at first with
decreasing temperature, reaches a minimum at about 38 K,
then increases to a maximum, finally it drops sharply at Ty. In
the paramagnetic state, the minimum in p(7) originates from
the existence of the Kondo effect in the sample as discussed
by Gignoux er al.’?*! As shown in Fig. 3(b), the Neel temper-
ature Ty decreases with increasing La content. Only for the
x = 0.6 and 0.66 samples, their p(7') exhibit a metallic behav-
ior in the whole measuring temperature range (2-300 K). In
order to explore the evolution of the p(7') behavior with the
partial substitution of La for Ce, we first fitted the p(T) data
in the AFM state by using the following expression:[2>-26]

p(T) = po+AT?> +BTA(142T/A)e /T, 2)

where pg is the residual resistivity, A is the coefficient of
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Fig. 3. (color online) (a) Temperature dependence of electrical resis-
tivity in (Cej_,Lay)2Ir3Ges (0 < x < 0.66). (b) Resistivity in the low-
temperature range around Ty (marked by an arrow). (¢)—(h) p(T) in the
lower temperature range for x = 0.0, 0.1, 0.2, 0.3, 0.6, and 0.66 samples
fitted by Eq. (2) or p(T) = po +A'T", as discussed in the text.
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the Fermi-liquid 772 term, B involves the electron-magnon
scattering, and A is the magnitude of the gap. It is clear
that p(7) in the AFM state for all the x < 0.5 samples can
be well described by Eq. (2), as shown in Figs. 3(c)-3(f).
By this fitting, we obtained pg = 34 pQ-cm, 58 uQ-cm,
85 uQ-cm, 98 uQ-cm, 116 pQ-cm, and 119 pQ-.cm and A =
1.8 uQ-cm/K2, 2.1 uQ-cm/K?, 2.7 uQ-cm/K2, 3.5 uQ-cm/K?,
4.1 uQ-cm/K?, and 4.9 uQ-cm/K? for the x = 0.0, 0.1, 0.2, 0.3,
0.4, and 0.5 samples, respectively. Both the py and A values
increase with increasing La content. The energy gap A de-
creases from A =35 K forx =0.0 to A = 15 K for x = 0.5.
On the other hand, for the x = 0.6 and 0.66 samples, their
p(T) cannot be described by either the Fermi-liquid behavior
p(T) = po+AT? or Eq. (2). Then we used a power law expres-
sion p(T) = po+A'T" to fit the p(T') data at lower tempera-
tures for both samples, as shown in Figs. 3(g) and 3(h), where
A’ is the temperature coefficient and n is the power exponent.
It was estimated that n is 1.3 and 1.5 for the x = 0.6 and 0.66
samples, which is smaller than 2, indicating that their p(T")
deviate from the Fermi-liquid behavior. At the same time, we
also found that both py and A values reach a maximum for the
x = 0.6 sample (see Figs. 5(b) and 5(d)).

Figure 4(a) shows the temperature dependence of the
heat capacity, C(T), for the (Cej_,La,)Ir3Ges (0 < x <
0.66) samples. It is clear that a A-type anomaly in C(T)
corresponding to the AFM transition emerges at Ty for the
(Cej—_xLay)rIr3Ges (0 < x < 0.5) samples, and Ty decreases
with increasing La content. For the x = 0.6 and 0.66 samples,
no A-type anomaly in C(T') is observed above 0.5 K. In order
to obtain more information from the C(7’) data, we re-plotted
the C(T) data as C/T vs. logT in Fig. 4(b). First we ana-
lyze the C(T') data in the AFM state for the (Ce;_La,)Ir;Ges
(0 < x <0.5) samples. As discussed by Cogblin et al. 27
C(T) should be described by the expression

C(T) = WT + BT + a(A2/VT +3AVT +5VT3)e A/T (3)

where the first term represents the specific heat from the elec-
trons, the second term is the contribution from the lattice vi-
bration, and the third term represents the contribution of the
magnons with a gap. For clarity, figure 4(b) only shows the
fitting line (red) below 9 K for the Ce;Ir;Ges sample. In fact,
the C(T') data below Ty for all the x < 0.4 samples can be
well described by Eq. (3). Table 1 lists the electronic specific
heat coefficient }p, the lattice specific heat coefficient 3, the
magnon specific heat coefficient ¢, and the corresponding gap
A for the x = 0.0, 0.1, 0.2, 0.3, and 0.4 samples. It is obvi-
ous that ¥ increases while & and A decrease with increasing
La content, indicating that the partial substitution of La for Ce
results in the enhancement of the electronic specific heat and
the reduction in the magnon specific heat. However, the spe-
cific heat C(T) below 9 K for the x = 0.6 and 0.66 samples,

in which the AFM order disappears, exhibits a log 7" behavior.
We used the expression! 28291

C/T =y +BT* + 8log(Tp/T) 4

to fit the C(T') data for both x = 0.6 and 0.66 samples, where o
is a coefficient and Tp presents a characteristic temperature re-
lated to the spin fluctuation term. For clarity, figure 4(b) only
shows the fitting (yellow) line for the x = 0.66 sample. The
fitting parameters for both x = 0.6 and 0.66 samples to Eq. (4)
are listed in Table 2. From the results listed in Tables 1 and 2, it
can be concluded that the electronic specific heat coefficient 7y
increases with increasing La content and reaches a maximum
101.1 mJ/mol-K? in the x = 0.6 sample, then drops a little in
the x = 0.66 sample. Especially, the C/T ~ logT behavior
emerges in the x = 0.6 and 0.66 samples, which is a typical
behavior for the system with strong spin fluctuation,3%311 in-
dicating that the x = 0.6 sample is located near AFM QCP. No
obvious change in § was found for all the samples, indicating
that the partial substitution of La for Ce has little influence on
their Debye temperature. For example, by using the fitted 3
values in the Debye expression Op = [(12/5)NRx*/B]'/3, the
Debye temperature @p was estimated to be 240 K, 238 K, and
242 K for the x = 0.0, 0.3, and 0.6 samples, respectively.
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Fig. 4. (color online) (a) Temperature dependence of specific heat
C(T) and (b) C/T as a function of logT for the (Ce;_,Lay),Ir3Ges
(0 < x <0.66) samples. Red line: fitting to the C(T) data of the x = 0.0
sample by Eq. (3), deep yellow line: fitting to the C(T) data of the
x = 0.66 sample by Eq. (4).
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Table 1. Fitting parameters ¥, 3, ¢, and A of the C(T') data below Ty
for the 0 < x < 0.4 samples with Eq. (3).

x  p/mImol1K2 B/mJmol 'K* a/J-mol"l-K3/2 A/K

0.0 69.2 1.401 0.240 32
0.1 72.4 1.312 0.215 30
0.2 78.1 1.351 0.191 28
0.3 82.7 1.425 0.175 27
0.4 90.2 1.632 0.159 24

Table 2. Fitting parameters Y, 3, 8, and Ty of the C(T') data in the low
temperature range for the x = 0.6 and 0.66 samples with Eq. (4).

x  yp/mImol 1.K=2 B/mJmol~!.K=* &/mJmol-!.K~! Ty/K
0.6 101.1 1352 0.151 34
0.66 94.8 1.535 0.125 18
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Fig. 5. (color online) La concentration x dependence of (a) AFM

Neel temperature Ty as estimated from the x(T), C(T), and p(T) of
(Cej_xLay)2Ir3Ges (0 < x < 0.66), (b) the temperature coefficient A,
(c) the power exponent n, (d) the residual resistivity pp, which are the
fitting parameters to p(7'), see the text. (e) The electronic specific heat
coefficient ¥ obtained from the C(T') data, as discussed in the text.

Based on the results of p(T'), x(T), and C(T) measure-
ments, we constructed the phase diagram of Néel-temperature
Tn as a function of La content x for the (Ce;_,La,),Ir;Ges
system, as shown in Fig. 5(a). With increasing La content,

Tn decreases and reaches O K at a critical content x., = 0.6.
Figures 5(b)-5(e) show the A (A"), n, po, and Y as functions
of La content x. It is obvious that all the fitting parameters
with Eq. (2)—(4) and the p(T) power law exhibit an anoma-
lous near x. For example, the power exponent n = 2 in the
0 < x < 0.5 samples, indicating that the Fermi-liquid behav-
ior occurs in this region, i.e., there are two kinds of electrons:
itinerant and localized ones. Whereas for the x = 0.6 and 0.66
samples, n is less than 2.0, and reaches a minimum of 1.3 in
the x., = 0.6 sample, signaling that a non-Fermi liquid behav-
ior emerges in these samples (see Fig. 5(c)). All the A, po,
and 7}y values reach to maximum at x.;, as shown in Figs. 5(b),
5(d), and 5(e), respectively. All the anomalous in n, A, po,
and Y at xg, in addition to the C/T ~ log(Ty/T) behavior
near X, indicate that a strong spin-fluctuation emerges in the
samples near x.;, which is similar to that in the doping in-
duced AFM QCP UCo;_Fe,Ge*?! and YbNis(P;_,Asy), 33!
systems. Our finding implies that (Ce;_,La,),Ir3Ges may pro-
vide another platform to study AFM quantum fluctuation near
QCP. We are looking forward to finding some exotic quantum
states, such as superconductivity after obtaining a high quality
single crystal in the future.

4. Conclusion

We synthesized successfully AFM (Ce;_,La,)Ir;Ges
(0 < x £0.66) heavy-fermion alloys. Based on the measure-
ments of magnetization, resistivity, and specific heat, the mag-

netic phase diagram was obtained for this system. It was

found that the Neel temperature Ty decreases with increas-
ing La content x, and reaches 0 K near x.; = 0.6. The non-
Fermi liquid behavior in p(T) and the C(T)/T o< logT re-
lationship in the samples near x., demonstrate that an AFM
quantum phase transition occurs at x.;. These results imply
that (Ce;_,La,)>Ir3Ges provides a platform for searching for
the new exotic collective phases, such as unconventional su-
perconductivity.
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