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Pressure studies on the antiferromagnetic Kondo semiconductor Ce(Ru,_,Rh,),Al;y (x = 0,0.1)
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We examined the electrical resistivity (p) of antiferromagnetic (AFM) Kondo semiconductors
Ce(Ru;_,Rh,),Aljp (x =0 and 0.1) under pressure in order to obtain information on the electronic states
under pressure, especially near the critical pressure (P.) from the AFM ordered state to the paramagnetic one,
where the Ce-4 f electron character is a more localized state in x = 0.1 than in x = 0. From the results, nearly
the same P, was obtained; P. ~ 4.7 and 4.5 GPa in x = 0 and 0.1, respectively. In both samples, the Kondo
semiconducting increase of p is observed up to P ~ 3 GPa, above which, however, the increase disappears
and a broad maximum appears at high temperatures. Below the maximum, p exhibits a metallic decrease with
decreasing temperature down to the AFM transition temperature 7y, suggesting that the c- f hybridization gap
could be not necessary to form the unusual AFM order. We also examined pressure effects on the magnetic
susceptibility x of both samples up to P ~ 2 GPa, and found that x along the easy axis is strongly suppressed by
pressure in both samples. In x = 0, the broad maximum just above T shifts to high temperatures with increasing
pressure. On the other hand, for x = 0.1, a clear cusp at 7; remains sharp and no broad peak appears at least up
to 2 GPa. Such a difference in the pressure response of x could originate from the difference in the electronic

state between x = 0 and 0.1.

DOI: 10.1103/PhysRevB.96.235131

I. INTRODUCTION

External pressure or chemical doping can control the
strength of the hybridization effect between conduction and
4 f electrons (c- f hybridization), whereby the ground state
is varied from a magnetically ordered state to a nonmagnetic
Fermi liquid one as seen in the Doniach’s phase diagram [1,2].
Near the so-called quantum critical point (QCP) located
in between, unconventional superconductivity or nontrivial
electronic properties have been found, and extensively in-
vestigated in recent decades [3]. The ground state of these
compounds is basically metallic. Meanwhile, the Kondo insu-
lators/semiconductors exhibit a nonmetallic behavior where a
narrow energy gap opens at the Fermi energy due to a strong
c- f hybridization, and thereby no magnetic order appears at
low temperatures [4].

The Kondo semiconductor CeT,Al;g (T = Ru, Os)
with the orthorhombic YbFe, Al o-type structure are unique
compounds exhibiting an antiferromagnetic (AFM) order
regardless of the Kondo semiconductor [5-7], and a number
of unusual phenomena have been found. First, the AFM
transition temperature, which is denoted by Tp, is very high
for a usual Ce-based AF magnet [6], where Ty ~ 27 and 29 K
for T = Ru and Os, respectively. The magnetic anisotropy
below Ty is also unusual. The AFM ordered moment (msF)
is parallel to the ¢ axis despite a large uniaxial magnetic
anisotropy along the a axis, where mag ~ 0.4 and 0.3 ug/Ce
for T = Ru and Os, respectively [8—10]. With decreasing
temperature, a hybridization gap opens at the Fermi energy
at high temperatures above Tj [11-14]. Another energy gap
with an excitation peak at 20 meV develops in 7 = Ru
and Os with decreasing temperature from the results of the
optical conductivity [11,12], where the onset temperature of
the appearance of the excitation peak is not 7o, but 7,"** where

2469-9950/2017/96(23)/235131(7)

235131-1

the magnetic susceptibility shows a broad peak above Tj.
Since the charge gap is observed in 7 = Ru and Os with
the AFM ordering but not in 7 = Fe with a nonmagnetic
ground state, a close relation between the charge instability
and the AFM ordering has been reported. Such a gap structure
was also reported from the results of the photoemission
spectroscopy [13]. On the other hand, a dispersive spin-gap
excitation with an energy gap also develops with lowering
temperature not only in CeT,Al;y (7 = Ru and Os) but in
CeFe,Al;p with a nonmagnetic ground state [15-18]. The
upper edge of the excitation energy is 8, 11, and 14 meV for T
= Ru, Os, and Fe, respectively. The energy scale is related to
the c- f hybridization strength, where it is smallest in 7 = Ru,
largestin T = Fe among CeT,Al;o (T =Fe, Ru, Os) [6,12-14].
Recently, from the tunneling spectroscopy experiments, a
further fine gap structure was found inside those two charge
gaps in T = Ru and Os [14]. Despite numerous studies up
to now, no comprehensive understanding of the unusual AFM
order, especially the nature of the enormously high 7y, and the
unusual magnetic anisotropy, has been achieved so far.

Those electronic properties are drastically changed by a
tiny perturbation such as magnetic field, pressure, or chemical
doping, indicating that the c- f hybridization effect plays a key
role to form the unusual AFM order [19-30]. For instance,
by a small amount of Rh doping, the Curie-Weiss behavior
of the magnetic susceptibility along the a axis is strongly
enhanced by the Rh doping [22-24]. Here, Rh has one more
extra 4d electron than Ru. mag is varied from 0.4 ug || ¢ in
x=0to 1.0 up || @ inx = 0.1 [25]. The hybridization gap is
strongly suppressed by Rh doping [26], suggesting that the c- f
hybridization strength is suppressed by the doping. The spin
gap excitation is also suppressed [24], but a very recent neutron
scattering study on powder sample of Ce(Ru;_,Rh, ), Al with
x = 0.1 does show the excitation of ~5 meV at 5 K [27]
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compared with 8 meV observed in CeRu,Aljo. Similar doping
effects were reported in the Ir-doped CeOs; Al [28—-30]. Here,
Ir has one more extra 5d electron than Os. The spin-gap
excitation is fairly suppressed by the Ir doping although the
magnetic susceptibility is strongly enhanced [29]. Since the
suppression of the T by these chemical doping seems to be
correlated with the suppression of the hybridization gap, it
was proposed that the hybridization gap is necessary for the
unusual AFM order with high 7j [28].

The AFM ordered state is suppressed by pressure and dis-
appears as in most of Ce-based AF magnets. In CeRu,Aljg, Ty
is first enhanced up to P ~ 2 GPa, but suppressed at high
pressures and then rapidly goes to zero at a critical pressure P,
between 3 and 4 GPa [6]. Since the semiconducting behavior of
p remains at 3 GPa but disappears at 4 GPa, the hybridization
gap above T could be essential for the unusual AFM order.
However, due to the lack of detailed measurements near P, it
is not clear whether the Kondo semiconducting behavior above
Ty persists until P,. This could be essential to know the role of
the hybridization gap in the unusual AFM order. On the other
hand, in CeOs,Al;g, Ty is almost independent of pressure, and
suddenly disappears at P, ~ 2.5 GPa [31]. The authors in
Ref. [31] proposed that at the P, the volume fraction of the
AFM state disappears. Recently, the pressure dependence of
lattice parameters was examined, and no discontinuity at P,
was reported [32]. Ce valence also shows no clear change at
P. [33], suggesting that the origin of P, could be neither a
structural nor a valence transition. Thus the origin of P, as
well as the role of the hybridization gap for the unusual AFM
order have not been settled.

In order to clarify the electronic state near P, we examined
detailed pressure dependencies of p of CeRu,Al;q especially
near P, and the magnetic susceptibility x along the easy
magnetization axis. We also carried out those experiments
on related Ce(RuggRhg1),Aljy for comparison in pressure
responses. From the present results, we revealed P, ~ 4.7
and 4.5 GPa in x = 0 and 0.1, respectively, which is slightly
higher than that previously reported in x = 0 [6]. Also, we
found that the Kondo semiconducting behavior of p above Tj
becomes weak with increasing pressure, and disappears above
3 GPa in both samples. Above 3 GPa, p exhibits a broad
peak at high temperatures, and shows a metallic decrease with
decreasing temperature, suggesting that the hybridization gap
could be not necessary to form the unusual AFM order. From
the results of the pressure dependence of x for H | a, we
found that y is strongly suppressed by pressure in both samples
although Tj is enhanced by pressure especially in x = 0. While
pressure suppresses x in both samples, the pressure effect on
X is qualitatively different near 7y between x = 0 and 0.1. In
x = 0, the broad peak of x above Tj shifts to high temperatures
with increasing pressure. On the other hand, for x = 0.1, no
broad peak was observed but a sharp cusp of x remains up to
2 GPa. This difference suggests a qualitative difference in the
electronic state between x = 0 and 0.1.

II. EXPERIMENTS

Single crystals of Ce(Ru;_,Rh,),Aljg (x = 0and 0.1) were
prepared by an Al self-flux method [34]. p was measured
by an ac four-probe method down to T = 1.2 Kup to P ~
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FIG. 1. Temperature dependence of the electrical resistivity (p)
of Ce(Ru;_,Rh,),Aljp (x =0and0.1) for / || a at ambient pressure,
where the vertical scale is normalized by p at 7 = 300 K. The inset
represents that plotted in a logarithmic temperature scale up to 300 K.
The dotted line is a guide for eyes.

6.5 GPa. High pressures were created using an opposed-type
anvil cell made of tungsten carbide and NiCrAl alloy [35].
Magnetization under pressure has been measured with a
ceramic anvil cell for the SQUID magnetometer [36] up to
2 GPa. Pressure-transmitting media are glycerin and Daphne
oil 7373 for p and yx, respectively [37]. Pressures were
determined by the superconducting transition of Pb [38]. Here,
Ty is 27 and 23 K in x = 0 and 0.1, respectively. These are
in good agreement with those in literature [6,23]. It is noted
that Ty represents the AFM transition temperature not only for
x = Obutalso for x = 0.1. The temperature dependencies of p
and y are roughly the same as those reported previously [6,23].
In x = 0.1, there are two successive transitions, but we could
not find them because those are very weak in p and x [23].

III. EXPERIMENTAL RESULTS

Figure 1 shows the temperature dependence of p of
Ce(Ru;_,Rh,),Al;p (x =0 and 0.1) for I || a at ambient
pressure, where the vertical scale is normalized by p at T =
300 K. The inset gives the whole temperature dependence of p
on a logarithmic temperature scale. p exhibits a dense-Kondo-
like behavior at high temperatures, but undergoes a further
increase exceeding the high-T logarithmic behavior, indicating
an opening of the hybridization gap at low temperatures. Since
the onset temperature of the increase is lowerinx = 0.1 thanin
x = 0, the hybridization gap is suppressed by the Rh doping.
At Ty, p exhibits a sharp upturn, followed by a broad peak
located several kelvins below T}, and shows a metallic decrease
with decreasing temperature. The peak is larger for x = 0.1
than for x = 0, originating from a difference in the topology
of Fermi surfaces below Ty between x = 0 and 0.1 [21].

Figures 2 show the temperature dependence of p of
CeRu, Al at various pressures up to P ~ 5 GPa, where P <
2 GPa in Fig. 2(a), P > 2.5 GPa in Fig. 2(b), and the insets
show those at low temperatures. With increasing pressure,
a semiconducting increase appears at low temperatures and
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FIG. 2. Temperature dependence of the electrical resistivity of
CeRu,Alyy for 7 || @ under pressures, where (a) P <2 GPa and
(b) P > 2.5 GPa. The insets of (a) and (b) are those at low
temperatures.

is enhanced up to P ~2 GPa. Tj is also enhanced from
Tp ~ 27 K at the ambient pressure to 33 K at P ~ 2 GPa.
At high pressures, the low-temperature increase of p is rapidly
suppressed. The Kondo semiconducting increase of p above
Ty is also suppressed, and disappears above 3 GPa. At higher
pressures, p exhibits a broad peak at high temperatures,
followed by a metallic decrease with decreasing temperature.
Nonetheless, p exists a clear anomaly at Tp, indicating that
the AFM order appears without the Kondo semiconducting
increase of p above Tj. Since Ty is observed up to P ~
4.6 GPa, butnotat P ~ 5.0 GPa, P, is located between 4.6 and
5.0 GPa, which is higher than that reported in the literature [6].
We note that all the presented data of p at high temperatures
exhibit a weak increase with decreasing temperature. The
increase could be ascribed to the magnetic scattering of the
conduction electrons. A similar increase was also observed in
x = 0.1 as will be shown below.

Figure 3 shows similar plots for Ce(Rug9Rhg 1), Aljo up to
P ~ 6.5 GPa. The pressure effect on p is roughly the same
between x = 0 and 0.1 except for the presence or absence
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FIG. 3. Temperature dependence of the electrical resistivity of
Ce(RugoRhg1),Aly for I || a at various pressures, where (a) P <
3 GPa and (b) P > 3 GPa. The insets of (a) and (b) are those at low
temperatures.
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FIG. 4. Temperature dependencies of the magnetic susceptibility
of Ce(Ru;_,Rh,),Al;p [(a) x = 0 and (b) 0.1] under pressures, where
H | a.

of the semiconducting increase at low temperatures. At
high pressures above P ~ 3 GPa, the Kondo semiconducting
increase above T disappears, and a broad shoulder appears
at high temperatures. By further applying pressure, p exhibits
a metallic decrease above Ty. Thus the disappearance of the
Kondo semiconducting behavior above T at high pressures
is a common feature in both samples. Since Tj is observed at
P ~ 4.4 GPabut not at 4.6 GPa, we determined P, ~ 4.5 GPa,
which is not so much different from P, for x = 0 despite
many differences in electronic properties between x = 0 and
0.1. Above 3.6 GPa, there are two kink structures at high
temperatures; one is observed at T ~ 30 K and another is
at T ~ 150 K. Since the kinks shift to high temperatures
with increasing pressure, those kinks are related to the c- f
hybridization effect. At present, we do not know why such a
two-kink-structure only appears in Ce(Rug9Rhg 1),Aljp.

Figures 4(a) and 4(b) show the temperature dependencies
of x along the a axis (x,) in Ce(Ru;_,Rh;),Aljo for x =
0 and 0.1, respectively. x, of both samples are suppressed
by pressure. In x =0, yx, at the ambient pressure shows a
broad peak at T;(“ax ~ 30 K, and a weak decrease below T ~
27 K. Based on the value of T;‘““", the Kondo temperature
is estimated to be 90 K. With increasing pressure, both Tj
and 7,"* shift to high temperatures. The increasing rates of
the two characteristic temperatures are different with each
other as will be shown in Fig. 5(a). On the other hand, in
x = 0.1, x, shows a Curie-Weiss increase on cooling, and
a sharp cusp at Ty ~ 23 K, below which x decreases steeply
with decreasing temperature. This is characteristic of the AFM
order with mar || a. With increasing pressure, Ty slightly shifts
to high temperatures from 7 ~ 23 to ~25 K at P ~ 1.5 GPa.
While y,, is suppressed, the cusp structure remains sharp within
the present pressure range, suggesting that the mag || a state
persists up to P ~ 2.0 GPa at least. We emphasize that, in
x = 0.1, there is no broad peak above 7T as is observed in
x = 0 within the present pressure range, i.e., 7" coincides
with Tpin x = 0.1.

Figure 5(a) shows the pressure dependence of Ty of
Ce(Ru;_,Rh;),Al;p (x =0and0.1). In x = 0, Ty is enhanced
upto Ty ~ 33 Kat P ~ 2 GPa. Above 2 GPa, Tj is suppressed
and abruptly goes to zero at P, ~ 4.7 GPa. A similar pressure
dependence of T, was reported in Ref. [6], but P, is smaller
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FIG. 5. (a) Pressure dependencies of the AFM transition temper-
ature of 7, in Ce(Ru;_,Rh,),Al;y (x =0 and 0.1). That of x =0
reported in Ref. [6] is also shown for comparison. In (a), the
temperature where the magnetic susceptibility along the a axis shows
a maximum (T;™) of the sample with x = 0 is also shown. (b) The
maximum value of the magnetic susceptibility along the a axis (")
plotted as a function of pressure for x = 0 and 0.1.

than that in the present study. Such a discrepancy in P,
could originate from the difference in the pressure calibration
between the present and the previous study. Meanwhile, in
x = 0.1, Ty is only slightly enhanced up to 25 K at P ~ 2 GPa
from 23 K at ambient pressure. At high pressures, Ty is
suppressed and suddenly disappears at P, ~ 4.5 GPa as in
x = 0. We note that Tj is still high just below P.; Tp ~ 20 K
at P~4.6GPainx =0,and Ty ~ 10 K at P ~ 4.4 GPa in
x = 0.1. In this figure, the pressure dependence of 7,"* of
x = 01is also shown. 7)™ increases gradually with increasing
pressure. On the other hand, for x = 0.1, T;‘a" coincides with
Ty within the present pressure range. Figure 5(b) shows the
pressure dependence of maximum values of x, (x,"**) of both
samples as a function of pressure. x,®* is almost linearly
suppressed by pressure. At P ~ 2 GPa, x;"* becomes a half
of that at ambient pressure. Such a large suppression of
contrasts with the pressure dependence of Ty, especially for
the large enhancement of 7y in x = 0. Here, the pressure
dependence of x,®* in x =0 is somewhat different from
that previously reported [34]; the suppression rate is faster in
the previous result than in the present one. This is possibly
due to a difference in the magnetic field strength; H =1 T
in the present study but H = 14.5 T in the past one. In
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any case, it is evident that x, is strongly suppressed by
pressure.

IV. DISCUSSION

From the present studies of p on Ce(Ru;_,Rh,),Alj
(x =0 and 0.1), we found that although p exhibits a Kondo
semiconducting increase down to Ty at the ambient pressure,
the increase becomes small with increasing pressure, and then
finally disappears at P ~ 3 GPa in both samples. Above this
pressure, p exhibits a broad anomaly at high temperatures,
and shows a metallic decrease with decreasing temperature.
However, the transition at Ty persists up to P, ~ 4.7 and
4.5 GPa for x = 0 and 0.1, respectively. Also, the transition
is clear and Tj is not so much suppressed by pressure even
just below P.. These results suggest that the hybridization gap
could be not necessary to form the unusual AFM order in
both samples, x = 0 and 0.1. A similar metallic behavior of
p above T was also observed in CeOs,Aljg near P., though
the authors did not mention this [31]. A big question here
is whether the interaction of the unusual AFM order is a
usual indirect exchange interaction mediated by conduction
electrons, that is, the RKKY interaction. The suppression of
Ty by a nonmagnetic La substitution clearly indicates that the
Ce-4f electrons are necessary to form the AFM order [39].
A critical Ce concentration, x. ~ 0.45, in (Ce,La;_,)Ru,Al;y
suggests that the interaction is long ranged as in the RKKY
interaction. However, Tj is much higher than Ty of GdT,Alj
despite the strong c- f hybridization in CeT,Al; [40]. Also,
the magnetic anisotropy below T is quite unusual; the AFM
state with map || ¢ or map || b is realized despite the strong
magnetic anisotropy along the a axis [20]. In addition, the
propagation vector in CeT,Aljy is different from those in
other LnT,Al;y (Ln = lanthanide) [25,41-43]. Furthermore,
the nondivergent behavior of the nuclear spin relaxation rate
near Tj implies no development of spin fluctuations toward
Ty [44]. Thus the interaction of the unusual AFM order could
be qualitatively different from the so-called RKKY interaction.

Below P ~3 GPa, p of CeRuyAl;y exhibits a semi-
conducting upturn at low temperatures. A similar upturn
was also observed in CeOs,Al;y and CeFe,Al;y at ambi-
ent pressure [6,28,45]. Since the upturn is suppressed by
pressure [31,46], the origin of the upturn is ascribed to
the c-f hybridization effect. From the results of the optical
conductivity, photoemission, and tunneling spectroscopy ex-
periments, there is a fine gap structure inside the hybridization
gap [11-14]. There seems to be a certain relation between the
low-temperature upturn of p and the gap structure. However, at
ambient pressure, p of CeRu, Al exhibits no semiconducting
behavior at the lowest temperature, although p of CeOs,Alj
shows a clear upturn of p at low temperatures [28]. This
difference between 7 = Ru and T = Os could be ascribed
to the difference in the electronic structure. The temperature
dependence of the Hall coefficient is also different between
T =Ruand T = Os [31,47]. Although the low-temperature
Hall coefficient is varied by pressure inboth 7 = Ruand T =
Os [31,48], it is not so simple to obtain the information on the
fine gap formation because the present system is a multicarrier
system. Meanwhile, the low-temperature upturn of p under
pressure is easily suppressed by the Rh doping as shown in
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Fig. 3, suggesting that this kind of coherent state is easily
broken by the atomic disturbance. However, a similar upturn
of p is induced by the La, Pr, or Rh doping when the doping
level is small [21,49]. At present, we do not know the origin
of the low-temperature upturn of p in x = 0 under pressures.
The origin of the upturn of p induced by the chemical doping
might be different from that induced by pressure. Further
systematic studies of the electrical resistivity, Hall effect, and
other experiments that can detect the fine gap structure even
under pressures are necessary.

Now, let us discuss the pressure dependence of the magnetic
susceptibility. x, is suppressed by pressure in both samples as
showninFig. 4. If ;™ decreases continuously with increasing
pressure above 2 GPa, x;* becomes very small near P. in
both samples. In this case, mar is expected to be also small
near P.. Assuming the following relation, Tp o JexmiF, the
exchange integral Jex should be strongly enhanced due to the
enhancement of the hybridization effect by pressure in order
to achieve the high Tj near P. as well as the enhancement of
Ty at low pressures especially in x = 0. However, it seems to
be difficult to explain the nature of the high 7y by simply a
large J.. Based on the Doniach’s picture, the AFM transition
temperature depends on the c- f hybridization strength. If the
hybridization effect is initially weak, the transition temperature
is enhanced, and takes a maximum value at a pressure above
which the transition temperature is suppressed, and finally goes
to zero at P.. On the other hand, if the hybridization effect is
strong, the transition temperature is simply suppressed, and the
AFM ordered state disappears at P.. Since the hybridization
effect is already fairly strong in CeRuyAljg, Ty is expected
to be simply suppressed by pressure especially for x =0
because the hybridization effect is stronger for x = 0 than
for x = 0.1. However, as shown in Fig. 5, Tj is enhanced by
pressure especially for x = 0. Also, amean-field calculation on
the magnetic properties has demonstrated that an excessively
large Jx gives rise to unrealistic results largely different from
the experimental results [50]. Thus it is difficult to explain
the nature of the high Ty by the large Jo. Considering the
enhancement of 7 by pressure, a key for the high 7j could be
related to the exchange coupling between the conduction and
Ce-4 f electrons.

Here we discuss the pressure dependencies of x, of x =0
and 0.1 in detail. First, the suppression rate of x;** by
pressure, d x;'**/d P, is larger in x = 0.1 than in x =0. In
CeOsyAljg, x"* is also linearly suppressed by pressure [31].
Here, dx*/dP is smallest in CeOs,Al;o, but largest in
Ce(RuggRhg 1),Aljp among them. This indicates that the
magnitude of d ;" /dP is related to the c- f hybridization
strength, where it is largest in CeOs;Al}p and smallest in
Ce(RuggRhg 1), Aljg. Next, let us discuss the decoupling
behavior of 7p and 7,™* in magnetic susceptibility. In usual AF
magnets, x exhibits a maximum at an AFM transition temper-
ature, Ty, and Ty coincides with T;na". In CeRu,Al,g, however,
To does not coincide with T;“ax, i.e., To ~ 27 K whereas
T,™ ~ 30 K at the ambient pressure. The difference between
Ty and T,™* becomes pronounced as pressure is applied. This
suggests that the origin of the difference is related to the c- f
hybridization strength. In CeOs;Al;g, the difference is more
pronounced than in CeRu,Alyg, where Ty ~ 29 K whereas
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T, ~ 45 K at ambient pressure. The larger difference in
CeOs,Al;g than in CeRu, Al is consistent with the fact that
the c- f hybridization strength is larger in CeOs;Al, than in
CeRu,Aljg. Similar decoupling behavior between T;na" and
the AFM transition temperature has been reported in several
heavy fermion AF magnets [51]. For instance, in CeRh,Si,,
a sharp cusp of the magnetic susceptibility is observed along
the easy magnetization axis, and 7,"* coincides with Ty at
ambient pressure. With increasing pressure, 7,"* shifts to
high temperatures but Ty is monotonically suppressed by
pressure [52]. The paramagnetic region between 7."** and Ty
expands as pressure is applied towards the critical pressure
of disappearance of the AFM ordering, and is discussed
as a correlated paramagnetic metal (CPM) regime which
precursively appears before the AFM ordering [53]. The
electronic state in CeT, Al above Ty might be characterized
as the CPM regime. On the other hand, by doping a small
amount of Rh on CeRu,Al;g, Ty coincides with T;““" even
under pressures up to 2.0 GPa at least, and a sharp cusp
of x, is observed at Ty as is seen in usual AF magnets.
This suggests that the electronic state is qualitatively different
between CeRu,Al;p and Rh-doped CeRu,Alyp. It is noted that
x7¥ of x = 0.1 at P ~ 2 GPa is comparable to that of x =0
at the ambient pressure. This suggests that even if x"** of
x = 0.1 becomes as large as that of x = 0, the electronic state
is qualitatively different between x = 0 and 0.1.

From the results of the enhancement of y,, and the
suppression of the Kondo semiconducting increase of p above
Ty as shown in Fig. 1, the c-f hybridization effect must be
suppressed by doping the Rh. However, Tj in x = 0.1 is not
so much enhanced by pressure as in x = 0. Also, P, is rather
smaller in x = 0.1 than in x = 0. These results suggest that
the Rh doping does not simply suppress the c- f hybridization
effect. Here, the unit-cell volume slightly decreases from
863.6(2) A in x =0 [54] to 861.3(2) A in x = 0.1. This
indicates that the chemical pressure effect is not negative but
rather positive. Thus the suppression of the c- f hybridization
effect originates not from the lattice expansion, but from the
electronic structure change, being related to the anisotropic
nature of the c- f hybridization effect. The strong enhancement
of x only along the a axis suggests that the suppression of
the hybridization effect is anisotropic. Numerical calculation
on the Rh-doped CeRu,Al;o indicates that the electrostatic
potential changes anisotropically by the Rh doping [55].

Near P., p exhibits no enhancement in the residual resis-
tivity and also in the coefficient A of the T2 term in p. This
indicates the lack of quantum fluctuation near P, and thereby
the transition at P, could be a first-order transition. From the
results of the pressure studies of the lattice parameters and
the valence state of Ce ion, it is considered that the origin
of P. is neither a structural nor a valence transition [32,33].
Considering the suppression of x;"** toward P., we propose
that the origin of P, is related to the disappearance of mag. In
the vicinity of P., p exhibits a small upturn at low temperatures
as shown in the insets of Figs. 2(b) and 3(b). As reported in
Ref. [6], a Fermi liquid state is accomplished at much higher
pressures. Thus the electronic state just above P, is never a
simple metallic Fermi liquid state, representing the basis for
the unusual AFM order in CeT,Aly.
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V. CONCLUSIONS

To conclude, we performed the pressure studies of p and x,
on the Kondo semiconductor Ce(Ru;_,Rh,),Al;o (x = 0 and
0.1) in order to obtain information on the electronic state under
pressures, especially what happens near P, in p, and to explore
differences between x = 0 and 0.1 in pressure responses of
p and y,. From the results of p, the critical pressure was
determined to be P, ~ 4.7 and 4.5 GPa for x =0 and 0.1,
respectively. P, is nearly the same although the Ce-4 f electron
state is apparently different between x = 0 and 0.1. In both
samples, the Kondo-semiconducting behavior of p above T
was observed up to P ~ 3 GPa. Above this pressure, however,
p exhibits a broad peak at high temperatures, and a metallic
decrease with decreasing temperature, and then the AFM
order takes place at 7Tj. This indicates that the hybridization
gap could be not necessary to form the unusual AFM order.
On the other hand, from the pressure dependence of x,, we

PHYSICAL REVIEW B 96, 235131 (2017)

observed that x, is strongly suppressed by pressure in both
samples. By increasing the pressure, the broad peak of y, in
x = 0 shifts to high temperatures, whereas the cusp of x, for
x = 0.1 remains sharp and clear up to 2 GPa, suggesting that
the electronic states are qualitatively different in CeRu, Al
and Rh-doped CeRu,Aljy. Near P, no development of the
quantum fluctuation was observed in p, suggesting that the
transition at P, could be a first-order transition. Considering
the large suppression of x " toward P. by pressure, a possible
origin of P, is the disappearance of mar.
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