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We have studied the Pr- and La-doping effects on the magnetic anisotropy in the antiferro-magnetic (AFM)
phase of CeRu,Aljy. The crystalline electric field (CEF) splitting in PrRu,Al;y was found to be as large as
~800 K with a singlet ground state. In Ce;_,Pr,Ru,Al;, the CEF level scheme of the Pr ion is not changed
with x. The AFM moment (i 4r) is rotated from c to b axis in both systems at x3" ~ 0.03 and ~0.07 for Ln=Pr
and La, respectively. As the ionic radius of La and Pr is larger and smaller than that of Ce, respectively, these
results indicate that the chemical pressure effect is not associated with the rotation of m g, but is caused by
the suppression of the c¢- f hybridization originating from the decrease of 4 f electrons of Ce ions by Ce-site
substitution. Since a small amount of Pr or La doping changes easily the magnetization easy axis of all the
moments on Ce sites, the origin of the magnetic anisotropy is not the local single ion effect but the bandlike
effect through the anisotropic c-f hybridization. The magnetic phase diagrams of Ce,_,Ln,Ru,Al,( indicate
that above x}', the AFM order with mf || b continues to exist up to x., which is ~0.4 and ~0.6 in Ln=Pr and
Ln=La, respectively. This indicates that even in the sample with an AFM transition temperature (7;) near x,,
the anisotropic c¢- f hybridization dominates the AFM order. A large positive transverse magnetoresistance is
seen below Ty, but a very small one above 7Tj. Together with the results of Hall resistivity and the observation of
Shubnikov—de Haas oscillation, we propose that there exist large Fermi surfaces above T and small ones below
To. A gap is opened by the AFM order on almost the area of the large Fermi surface, and small Fermi surfaces
are constructed below T, although we do not know the mechanism, which might be specific to the AFM order in
Kondo semiconductors. The largest suppression of the magnetic scattering below Tj is observed for the current
I || a and the smallest one for / || . This anisotropy may be associated with the anisotropic c¢- f hybridization,

which may contribute to the anisotropic magnetic scattering of the conduction electron below Tj.

DOI: 10.1103/PhysRevB.91.235124

I. INTRODUCTION

The Kondo semiconductors CeT,Al;g (T=Ru, Os) with or-
thorhombic YbFe, Alo-type structure (space group Cmcm) [1]
have attracted considerable interest because of their unusual
properties in the antiferro-magnetic (AFM) ordered phase.
These compounds are the first examples of the AFM-Kondo
semiconductor. The AFM order in this system has the follow-
ing characteristics. (1) High transition temperature 7y of 27
K, which is much higher than Ty = 17 K of GdT,Alo [2-5].
(2) CeRuy Al is located at the boundary between the localized
and itinerant regime, from the rapid increase of 7 by a
small pressure and the change into the intermediate valence
regime with a larger pressure [3,6—14]. (3) A spin-singlet-like
characteristic is seen in x, and the magnetization curve for
H || a. Although yx, is perpendicular magnetic susceptibility,
a large decrease is seen below 7 and a pronounced concave
magnetization curve is seen for H || a in the AFM phase
[15-20]. (4) The direction of the AFM moment maf is
along the ¢ axis, regardless of the large single-ion magnetic
anisotropy of x, > x. > x» above Ty [21-26]. Here, x, is
the magnetic susceptibility along the a axis, etc. As its origin,
we proposed that the strong c- f hybridization along the a axis
avoids may to align along the a axis [16]. Furthermore, map
is easily rotated from ¢ to b or from c to a axis by a small
magnetic field, a small amount of Ce- or Ru-site substitution
and pressure, etc. [27—40]. (5) The spin gap and also charge
gap appear in the AFM-ordered phase, whose origin has not
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yet been clarified [6,40-53]. (6) The anisotropic shrinkage of
the lattice constants from the normal lanthanide contraction
is seen in the a and ¢ axes but not in the b axis, indicating
the importance of the anisotropic c-f hybridization. There,
the two-dimensional electronic structure is suggested [54—56].
(7) The large crystalline electric field (CEF) splitting Acgr in
Ce- and Yb-based compounds among LnT,Alg. The origin
of the large Acgr in CeT,Aljy was ascribed to the large c- f
hybridization [1,31,55-59]. (8) The ground state of CeRu, Al
is metallic, with small Fermi surfaces [60-62].

The doping effects in CeRu,Aljy have been investigated
extensively [15,17,32-40,44,46,47,55]. The doping effects
often provide unexpected results, especially in the magnetic
anisotropy in the AFM phase. One must clarify the origin of
the unusual magnetic anisotropy in the AFM phase in order to
understand the microscopic mechanism of the AFM order in
the Kondo semiconductor CeRu,Aly.

In our previous paper [32], we reported that map is easily
rotated from ¢ to b axis by a small amount of La doping.
This rotation appears at x ~ 0.07 in Ce;_,La,Ru;Aljo. In
CepgLag RuyAlyg, the AFM order with mag || b is realized
at the ambient pressure but mar is easily rotated from b to ¢
axis by a small magnitude of pressure. map || b at the ambient
pressure was directly confirmed by the neutron diffraction
experiment [40]. This clearly indicates that the enhancement of
the c- f hybridization makes the AFM order with mar || ¢ more
stable than that with map || b. Thus, as the origin of the rotation
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of map from c to b axis by La doping at the ambient pressure,
we proposed the reduction of the c-f hybridization due to
the negative chemical pressure induced by La doping whose
ionic radius is larger than that in the Ce ion. Very recently,
it was reported that in Re-doped CeRu;Al, the rotation of
map from ¢ to b axis is induced and in Re-doped CeOs,Aly,
the direction of mar is maintained along the ¢ axis, with a
reduced magnitude of map [39]. In CeggLag 1 Osy Aljg, mar || ¢
is still maintained [40]. These results are difficult to understand
simply by the variation of the c- f hybridization due to Re
doping, because Re doping was considered to enhance the c- f
hybridization and have a tendency to change the system into the
intermediate valence regime. Thus, the magnetic anisotropy
in the AFM phase in CeT,Al;p seems to be not so simple.
Up to now, the doping effects have been studied mainly by
nonmagnetic ions. To get more information on the magnetic
anisotropy, it is interesting to investigate the doping effects
also by magnetic ions.

As for the CEF splitting in LnT, Alj, it was suggested that
Acgr is small except in Ce- and Yb-based compounds [56],
from the temperature dependence of the magnetic suscep-
tibility of LnT,Aljp [1]. On the other hand, the detailed
investigation of the CEF level scheme in localized systems
was scarcely investigated. For NdT,Al;p, rather detailed
studies were performed and Acgr was estimated to be
~300K[31,55,59]. More detailed investigations are necessary
to obtain the systematic change of the CEF level scheme in
LnT,Al,( using single crystals.

In the present paper, first, we investigated the CEF level
scheme in PrRu, Al using the single crystal because although
the CEF ground state was found to be singlet, the CEF level
scheme was considered to be small from the results of the
polycrystal and not oriented single crystal [1,4,63]. Second,
we investigated the Pr-doping effect on the magnetic properties
in Ce|_,PryRu,Al;y focusing on the effect on the CEF level
scheme and magnetic anisotropy in the AFM phase. Third,
we compared the transport properties of Ce;_,Pr,RuyAljg
with those of Ce;_,La,RuyAljy to examine the scattering
mechanism of the conduction electron in the AFM phase.

II. EXPERIMENTAL

The single crystals of Ce;_Pr,Ru;Al;y and
Ce;_,La,RuyAljy were grown by Al self-flux method.
The specific heat and magnetic susceptibility were measured
by PPMS and MPMS (Quantum Design), respectively. The
electrical resistivity was measured by the usual four-probe
ac method in magnetic field up to 14.5 T. The lattice
parameters of Ce;_,La,RuyAl;y were determined by a
high-energy synchrotron powder diffraction experiment at
room temperature at BLO2B2 in SPring-8 using the large
Debye-Sherrer camera equipped with an imaging plate
as a two-dimensional detector. High-energy x rays with
wavelength A = 0.66823 A were used as incident x rays.

III. EXPERIMENTAL RESULTS
A. Pl'Rllell()

The temperature dependencies of the magnetic susceptibil-
ity x of PrRu,Aljo along the three crystal axes are shown in
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FIG. 1. (Color online) (a) Temperature dependence of the mag-
netic susceptibility of PrRu,Al;( in magnetic fields along the a, b,
and c axes measured at H = 0.1 T and (b) the crystalline electric field
(CEF) level scheme obtained by the CEF calculation. Solid lines in
(a) indicate the calculated results obtained by the CEF calculation.
See text for details.

Fig. 1(a). The relation of x, > x. > xp is the same as that in
the localized NdT,Al o (T=Ru, Os, Fe) [31,55]. In NdT,Al,,
the anisotropy of x appears below ~150 K indicating a small
CEF splitting. On the other hand, in PrRu; Al g, the anisotropy
of x appears below ~300 K, where y; is much smaller than
Xa and x.. This suggests the large CEF splitting in PrRu,Al,g.
Xa and x. show a Curie-Weiss behavior at high temperatures
but show a saturated behavior below ~20 K. yx; shows a broad
maximum at ~60 K and is independent of the temperature
below ~20 K. These indicate that the CEF ground state in
PrRu, Al is a singlet and the first excited CEF state is located
at ~80 K above the ground state. We analyzed the results of x
by using the following CEF Hamiltonian,

H = BY0J + B;0; + B0} + B;0; + B} O}
+ BYO?2 + BZO} + B{O¢ + BSO¢. (1)

Here, the quantization axis is taken as the ¢ axis. The solid
three lines in Fig. 1(a) are the calculated results by using
the CEF parameters of (BY,B3,BY,B},B},BY,B2,B¢,BS) =
(5.0, —0.1095, 0.27, —0.74844, 0.3675, 0, 0.003, 0.005, 0) K.
The experimental results could be reproduced well by the
calculation. The CEF level scheme is shown in Fig. 1(b),
which is denoted by (418.01, 402.81, 227.59, 218.70, —23.04,
—242.95, —307.77, —307.98, —395.38) K. The CEF ground
state is a singlet and the first excited state is located at ~87 K
above the ground state. The overall CEF splitting Acgp is as
large as ~800 K. This value is much larger than ~300 K in
the localized NdRu, Al [31,59] and even larger than 540 K
in CeRuyAl;o [57]. The origin of a large CEF splitting is not
known at present. Here, we should note that the above CEF
level scheme is one of the multiple solutions to reproduce
the magnetic susceptibility. The inelastic neutron scattering
experiments are necessary to obtain the secure CEF level
scheme.

Figure 2(a) shows the temperature dependence of the
specific heat C of PrRu,Al;y and LaRu,Al;j in the form of
C/T.Thatof LaRu;Al;o shows a normal behavior as is seen in
nonmagnetic compounds. On the other hand, in PrRu,Al;g, a
broad but clear hump is seen at ~20 K. The magnetic specific
heat Cpyg of PrRusAljg is shown in the form of Cpae/T in
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FIG. 2. (Color online) (a) Temperature dependence of the spe-
cific heat of PrRu,Al)y and LaRu,Al;y in the form of C/T.
(b) Temperature dependence of the magnetic specific heat of
PrRuyAlyg in the form of Cp,e/T. The solid red line indicates the
result obtained by the CEF calculation. The inset of (b) indicates the
temperature dependence of the magnetic entropy of PrRu,Al;y and
the solid red line indicates the calculated result.

Fig. 2(b). This clearly shows the existence of a Schottky peak
at ~25 K, while it is difficult to obtain the information on
the overall CEF splitting from the present result below 120 K.
Here, Cpy, is obtained by subtracting simply the specific heat
of LaRuyAlj as a phonon contribution. The red solid line is
the calculated temperature dependence of Cpae/7T obtained
by using the CEF level scheme shown in Fig. 1(b). Although
the characteristic temperature dependence of the experimental
result could be reproduced by the calculation, the magnitude
of the experimental result is rather large compared with the
calculated one. The former indicates that the CEF level scheme
obtained by the fitting in a low-energy region is correct but
the latter indicates that the phonon specific heat is different
between PrRu,Al¢ and LaRu,Al;q. This is also seen in the
temperature dependence of the magnetic entropy Syag, Which
is shown in the inset in Fig. 2(b). Although Sy, is expected to
saturate to R In 9 at ~800 K, the experimental result shows that
Smag exceeds the saturated value of RIn9 already at 100 K.
Thus, the specific heat of LaRu,Al;¢ could not be used as the
phonon contribution in PrRu,Alyy.

B. Cel_xPerllel]o
1. Specific heat

Figure 3(a) shows the temperature dependence of the
specific heat of Ce;_Pr,Ru,Aljg in the form of Cpa /7. In
all the compounds, Cp,e is obtained simply by subtracting
the specific heat of LaRuyAljg. In CeRu,Al;p, a sharp peak
is seen at T, and the e~25¢/T dependence is seen at low
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FIG. 3. (Color online) (a) Specific heat of Ce,_,Pr,Ru,Al in
the form of Cpa/T. (b) x dependence of the AFM transition
temperature 7 of Ce;_,Pr,Ru,Al;y and Ce,_,La,Ru,Alq [15].

temperatures, which indicates the existence of the gap in the
magnetic excitation spectrum. Agg is the magnitude of the
spin gap. In Ce;_,Pr,Ru;Al,g, a rather sharp peak is seen at
To up to x = 0.2. In Ce(7Prg3Ru;Aly, a broad peak is seen
at Tp ~ 11 K and also a broad hump is recognized at ~25 K.
The latter originates from the Schottky-type specific heat due
to the CEF splitting of the Pr ion. In CegsProsRusAljg, a
broad maximum is more clearly seen at ~25 K. At low
temperatures, the AFM order disappears and in place, the
increase of C,e/ T is seen below ~7 K. In Ceg 1 Prg 9Ru,Aly,
roughly the same temperature dependence as in PrRuAljg
is seen at high temperatures and a small increase of Crag/T
is seen below ~7 K, which indicates the formation of the
impurity Kondo state on the Ce ion.

Figure 3(b) shows the x dependence of 7, in
Cei_,Pr,RuAlyy and Cei_,La,Ru,Aljg. 7, decreases
with increasing x and may disappear at x.~ 0.4 in
Ce_,Pr,.RuyAl;g and at x. ~ 0.6 in Ce;_,La,Ru,Al;g. The
critical x. value is larger in Ce;_,La,RuyAljy than in
Ce;_,Pr,Ru;Alyg. This difference might be because the Prion
is magnetic, although the CEF ground state is the singlet. The
Van Vleck term from the first excited state, located ~77 K
above the ground state, may contribute to the more rapid
suppression of 7y. We note that in Ce( sLag sRu,Alj, the peak
of C/T is located at ~5 K [15] but that of C is located at
~7 K. In Fig. 3(b), this temperature of ~7 K is plotted. This
temperature of ~7 K is consistent with Ty estimated by the
electrical resistivity, which will be shown later.
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FIG. 4. (Color online) (a)  Temperature = dependence  of

the magnetic susceptibility and (b) magnetization curve of
CegosProgoRuyAlyg along the ¢ axis. The insets in (a) and (b)
show the magnetic phase diagram for H || ¢ and the magnetic field
dependence of dM /d H, respectively.

2. Magnetic susceptibility

First, we show the magnetic properties of
Ceg.9gProp2RuyAlyy. Figures 4(a) and 4(b) show the
temperature dependence of . and the magnetization curves
of Ceo_ggpro'ogRuZAllo for H || C, respectively. T() =27 K
corresponding to the peak temperature of x. and 7% = 24 K
below which a sharp decrease is seen with decreasing
temperature. We note that these results are very similar to
those in CegogsLagosRuyAljg [32] and mag || b is realized
above H;; in CeRuyAl;y [30]. Thus, the AFM order with
mar || ¢ is realized below T* and that with mar | b between
T* and Ty. In the magnetization curves shown in Fig. 4(b), an
anomaly is seen at Hy ~ 2 T, originating from the spin-flop
transition from mag || ¢ to map || b. The magnetic phase
diagram for H || ¢ shown in the inset of Fig. 4(a) indicates
that the AFM order with mup || ¢ is rapidly destabilized
by a small amount of Pr doping and the ground state is
changed to the AFM order with mag || b for x > 0.03 in
Ce;_,Pr,Ru;Aljg, which will be shown later. A similar change
of the AFM ground state is also seen in Ce;_,La,RuyAl;q
atx ~ 0.07.

Figures 5(a-1)-5(c-1) show the temperature dependence
of the magnetic susceptibility of Ce;_,Pr,Ru,Alj( along the
three crystal axes, and Figs. 5(a-2)-5(c-2) show those in the
expanded scale at low temperatures. x, shows a large decrease

PHYSICAL REVIEW B 91, 235124 (2015)

% —\ o
20 ¥ ;

—_—
Ce,,PrRuAlL, (@)

g 40 Hifa ,_4

3 0.

£ 0. 2

5] 0. 9

%= 20 0. <

= ! 19
= 0

0 ! -— 10 2 .

— :

Ce, Pr,Ru,Al,, (b-1) 151 ée‘ X':X;IQUZAIw (b-Z)_
= 40 Hilc ¢ os
: = us
5 * 10 0.05
o 20
=4
= 5

0 1 1

1 N 1
T ’ T

(c-1)|
Ce,,Pr,RU,Alg X=

HII'b

/

3

\ﬂ

% (107 emu/mol)
o o
\\

g

X 1-2k(10 * emu/mol)

FIG. 5. (Color online) Temperature dependence of the magnetic
susceptibility of Ce,_,Pr,Ru,Aly, for (a-1) H || a, (b-1) H || b, and
(c-1) H | c. (a-2), (b-2), and (c-2) show those in an expanded scale
below 60 K. (d) x dependence of the magnitude of x, and x. of
Cel,xPeruzAllo atT =2 K.

below Ty in CeRu,Alyg, although the AFM order with mar || ¢
is realized. This decrease is still recognized at x = 0.2. A
drastic change appears in the temperature dependence of x.
between x = 0.02 and 0.05. Also in y,, a pronounced change
is observed at x = 0.05. Although a small decrease below
Ty is seen in x; in CeRupAlyg, its decrease is larger and
clearer for x = 0.05. This change in x; is accompanied with
the disappearance of the decrease of yx. below Tj. These
results indicate that the rotation of mar from ¢ to b axis
appears between x = 0.02 and 0.05. On the other hand, in
Xa, roughly the same temperature dependence is seen between
x = 0 and 0.05. The decrease of y, below Tj is clearly seen
also for x = 0.1, although a clear anomaly is not seen in
Xa and x.. From these results, we conclude that the AFM
order with map || b is realized up to x = 0.3, which is more
strongly supported by the results of the magnetoresistance
as will be shown later. Figure 5(d) shows the x dependence
of the magnitudes of x, and x. at T = 2 K, which increase
with increasing x roughly proportional to x. This strongly
suggests that the Pr ion behaves as nearly a free magnetic ion
and a single ion nature is maintained in Ce;_,Pr,Ru,Aljy. A
similar x dependence is also seen in y, if we take the value
at ~60 K.
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FIG. 6. (Color online) Temperature dependence of the electrical
resistivity of Ce,_,Pr,Ru,Al;y (x =0, 0.05, 0.1, 0.2, 0.3, 0.5, 1.0)
for I || a.

3. Electrical resistivity

Figure 6 shows the temperature dependence of the electrical
resistivity p of Ce;_,Pr,RuyAljg in zero magnetic field. The
electrical current / flows along the a axis. The results are very
similar to those in Ce;_,La,Ru;Al;g, which will be shown
later. This indicates that the magnetic scattering by Pr ions is
very small, which may be due to the singlet CEF ground state
formed at low temperatures and a large CEF splitting at high
temperatures. The semiconducting behavior is suppressed with
increasing x and is changed to the single-impurity Kondo-like
behavior in a large-x region. p of PrRu; Al shows the normal
metal-like behavior and a small anisotropy depending on the
current direction, while they are not shown here. The residual
resistivity ratio RRR is as large as 32, indicating the good
quality of the sample.

Figures 7(a)-7(c) show the temperature dependence of p of
Ce;_,Pr,Ruy Al below 40 K, for / || a,b, and c, respectively.
The increase of p below Ty is small for / || @ and is large for
I || band c. This tendency is clearly seen atleastuptox = 0.1.
Akink at T for x > 0.21is very broad. p shows arapid decrease
below Tinax, Where p exhibits a broad maximum a few kelvins
below Tj for all the current directions. For x = 0.3, although
the decrease of p below T is seen for I || a and ¢, it is not seen
forI || b.Forx = 0.5, p shows the single-impurity Kondo-like
behavior. Here, we should note that the resistance minimum is

T
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FIG. 7. (Color online) Temperature dependence of the electrical
resistivity of Ce;_,Pr,Ru,Aly below 7T =40 K for (a) I || a,
() I | b,and (c) I | c.
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FIG. 8. (Color online) Temperature dependence of the electri-
cal resistivity of CeggsPrgosRu,Aljy under both longitudinal and
transverse magnetic fields. (a-1)—(a-3) I || a, (b-1)—~(b-3) I || b, and
(c-1)—(c-3) I || c. (—1), (=2), and (—3) indicate H | a, b, and c,
respectively. Black, green, and red colors are for H =0, 8 T, and 14.5
T, respectively.

seen at Tpin ~ 10K forx = 0.02 ~ 0.05 and does not exist for
x > 0.1. The increase of p below Ty, is largest for 7 || c. A
similar temperature dependence of p accompanied with Tpyi,
is observed also in the La-doped sample with x = 0.05, which
will be shown later. Since this increase is induced by only
2% doping of the Pr ion, the magnetic impurity effect on the
Fermi liquid ground state such as the Kondo effect could be
considered as the origin. In order to check whether this is due
to the magnetic impurity effect such as a Kondo effect or not,
we investigated the magnetoresistance in Ceg gsPrgosRuAljg
in detail. The negative magnetoresistance is expected if it is
due to the magnetic impurity effect such as a Kondo effect.
Figures 8(a-1)-8(c-3) show the temperature dependence of
p of Ceg.95Prp osRuy Al in magnetic fields parallel to the a, b,
and c axes, respectively. The large positive magnetoresistance
is observed under the transverse magnetic field in all the
cases. Under the longitudinal magnetic field, p, shows a small
negative magnetoresistance below T,,, and p, and p. show a
small positive one. These indicate that the increase of p below
Tmin 1s TObust against the magnetic field. This rules out the
possibility such as an impurity Kondo effect. Further studies
are necessary to clarify the origin of the resistance minimum.
We note that a Shubnikov—-de Haas (SdH) oscillation is
observed in this sample, as in Ce gsLag gsRuyAl}g, which will
be shown later. For H | a, a negative magnetoresistance is
observed at high temperatures for all the current directions.
However, below ~15 K, it becomes small for / || a and
is changed to a positive magnetoresistance for / || b and c,
which is due to the transverse magnetoresistance. The largest
negative magnetoresistance appears at Ty,.x. For H || b and c,
a longitudinal magnetic field effect is small. For H || b and

235124-5



K. YOSHIDA et al.

T
Ce 6P 2RUAl,

I//a,H/la

T
I/le,Hilc

T
1//b,H/Ib

p (uQcm)

L L 500
0

T(K) T(K)

FIG. 9. (Color online) Temperature dependence of the electrical
resistivity of Cey gPro,RuyAlyy under the longitudinal magnetic field
along the three crystal axes. (a) I,H || a,(b) I,H || b,and(c) I,H || c.
Tp is shown by the arrow. Black, green, and red colors are for H = 0,
8 T, and 14.5 T, respectively.

¢, a very small transverse magnetic field effect is seen above
Tmax but a large negative one is seen below 7.

Figures 9(a)-9(c) show the temperature dependence of p of
Ceg.gPrg,Ru; Aljp under the longitudinal magnetic fields along
the three crystal axes. The anomaly at Tj is much broader than
that for x < 0.1. The decrease of p below Ti,.« is anisotropic,
i.e., largest for I || a and smallest for [ || b. This tendency
is much more enhanced for x = 0.3, which will be shown
below. A large negative magnetoresistance is seen for I || a
under H || a in a wide temperature region. We note that the
magnitude of the negative magnetoresistance is largest at Tp.x
but is reduced with decreasing temperature. For H || b and c,
the magnetic field effect is very small above Tj,.x and a small
positive one below Tiax.

Figures 10(a-1)-10(c-3) show the temperature dependence
of p of Ceg7Prg3RuyAljg in magnetic fields along the three
crystal axes. The anomaly at 7j in zero magnetic field is
much broader than that for x = 0.2. For I || a, it is difficult
to distinguish between Ty and T, while for I || b and c,
Ty could be recognized. A big difference depending on the
current direction is seen in the temperature dependence of p
below Tiax- Below Ty, although the decrease is seen in p, and
P> Pp 1s almost constant below Ty, This strongly suggests
the importance of the two-dimensional nature in the ac plane
on the transport property. We should note that the magnitude
of the decrease of p below T, in zero magnetic field is
much larger for I || a than for I || c. It is ~20% for I || a
and ~13% for I || c. Such an anisotropic decrease of p below
Tmax 1s also seen in Ce;_,Pr,RusAljg (x = 0.05, 0.2) shown
in Figs. 8 and 9. As for the magnetic field effect, it is small
for H || b and c, but is large for H || a. Under the transverse
magnetic field of H || b and ¢, a positive magnetoresistance
is seen below Ty for I || a and c. For H || a, a large negative
magnetoresistance is seen for all the current directions. The
magnitude of the negative magnetoresistance is largest at Tpax
and is reduced at lower temperatures. Figures 10(d) and 10(e)
show the magnetoresistance of Ceg 7Pry3Ru, Al for H || a at
T = 1.4 K and 10 K, respectively. Although at T =10 K a
large negative magnetoresistance is observed for all the current
directions, an anisotropic behavior is seen at T = 1.4 K. The
large negative magnetoresistance is seen for / || b and ¢, but
it is small for 7 || a. The latter is associated with the large
decrease of p below T, in zero magnetic field. Namely, as
the magnetic scattering is already suppressed largely in zero
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FIG. 10. (Color online) Temperature dependence of the electrical
resistivity of Cey 7Pry 3;Ru, Al under both longitudinal and transverse
magnetic fields along the three crystal axes. (a-1)—(a-3) I || a, (b-1)—
(b-3) H || b, and (c-1)—(c-3) I || c. Ty is shown by the arrow. (—1),
(—2), and (—3) indicate H | a, b, and c, respectively. Black, green,
and red colors are for H = 0, 8 T, and 14.5 T, respectively. (d) and
(e) show the magnetoresistance for H || a normalized by p(H = 0)
at T = 1.4 K and 10 K, respectively.

magnetic field at the lowest temperature, further suppression
by magnetic field is small.

Figures 11(a)-11(c) show the temperature dependence
of p of CegsProsRuyAljp under the longitudinal magnetic
fields along the three crystal axes. This compound does
not show the magnetic order. In zero magnetic field, the
Kondo-semiconductor-like behavior or the single-impurity
Kondo-like behavior is seen in all the cases and the anisotropy
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T
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1//a,H/la 250

H=0

200
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FIG. 11. (Color online) Temperature dependence of the electrical
resistivity of Ceg sProsRuyAlyy under the longitudinal magnetic field
along the three crystal axes. (a) [, H || a,(b) I,H || b,and(c) I,H || c.
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FIG. 12. (Color online) x dependence of the magnitude of the
positive magnetoresistance at 7 = 1.4 K under the transverse
magnetic field, which is in the form of p(H = 14.5T)/p(H = 0)
in Ce;_,Pr,RuyAljp. For x =0.02 and 0.05, p(H =14.5 T) at
T =14Kand p(H = 0) at T,;;, ~ 10 K are used to avoid the effect
of the increase of p below Tpy,.

of p is small. The magnitude of the negative magnetoresistance
depending on the magnetic field direction seems to be
associated with the relation of x, > x. > x, of Ce ions in
the paramagnetic region.

Figure 12 shows the x dependence of the magnitude of the
positive magnetoresistance in Ce;_,Pr,RuyAljp at 7 = 1.4
K under the transverse magnetic field in the form of Ap =
p(H =14.5T)/p(H = 0). The magnitude of Ap reflects the
quality of the sample. Namely, the better the sample quality, the
larger Ap. Large Ap in CeRu,Aly is rapidly suppressed with
increasing x. Here, we should note that regardless of such a
large impurity scattering, the SAdH oscillation is observed even
for x = 0.2, which will be shown later. We also point out that
the residual resistivity pp is not so much changed, although
Ap is rapidly suppressed.

Figures 13(a-1)-13(e-1) show the magnetoresistance of
Ce_,Pr,Ru,Alj at various temperatures, where p is normal-
ized by p(H = 0). Figures 13(a-2)—13(e-2) show the magnetic
phase diagrams of these samples. The spin-flop transition
from mar || ¢ to mag || b is observed for x = 0.02 and that
from mag | ¢ to mag || b for x = 0.05 ~ 0.3. For the other
magnetic field direction, no anomaly is seen up to 14.5 T in
all the samples, while those are not shown here. From these
results, we conclude that in zero magnetic field, m ar is rotated
from b to ¢ axis at x ~ 0.03 in Ce|_, Pr,Ru,Al;o. With further
increase of x, Hy increases up to x ~ 0.2 and then decreases
with increasing x towards x. ~ 0.4. We note that p shows a
broad but discontinuous increase for x = 0.02 or increase for
x = 0.05 ~ 0.3 at Hgi. Namely, the value of p in the AFM
phase with mag || ¢ is smaller than that in the AFM phase with
mar || b. This indicates that the suppression of p by magnetic
scattering is larger in the AFM state with a larger moment of
mar || ¢ than that with a smaller moment of m g || b.

Figure 14 shows the x dependence of the spin-flop transition
field Hy of Cei_,Pr,RuyAljg. Hy from mag || c to || b
decreases with increasing Pr concentration and at x3* ~ 0.03,
the magnetization easy axis in zero magnetic field changes
from c to b axis. Here, x' is the critical x value where mar
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FIG. 13. (Color online) Magnetoresistance of Ce;_,Pr,Ru,Al;:
(a-1) x =0.02, (b-1) x = 0.05, (c-1) x = 0.1, (d-1) x = 0.2, and
(e-1) x = 0.3. Magnetic phase diagram of Ce;_,Pr,Ru,Aljp: (a-2)
x = 0.02, (b-2) x =0.05, (c-2) x =0.1, (d-2) x = 0.2, and (e-2)
x=0.3. H | cforx=0.02and H || b for x = 0.05, 0.1, 0.2, and
0.3.

in the ground state rotates from c to b axis. Hg from mag || b
to || ¢ rapidly increases above x;' ~ 0.03 and after exhibiting
a maximum at x ~ 0.2, it decreases towards x. ~ 0.4 where
the AFM order disappears. The present result indicates that at
x3' ~ 0.03, the magnetic anisotropy in the bc¢ plane disappears.

C. Cel_x Lax Rllel]()
1. Electrical resistivity

Figure 15 shows the temperature dependence of p of
Ce;_,La,Ru;Al}y for I || a in zero magnetic field. The
results are very similar to those in Ce;_,Pr,Ru;Aly. In
CepsLagsRuyAlyg, there exists a maximum at 7o ~ 7 K, while
it does not exist in Ceq sPrgsRuyAljp. The former originates
from the suppression of magnetic scattering below 7y and the
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FIG. 14. (Color online) x dependence of the spin-flop transition
field Hys of Ce;_Pr,RuyAly. For x < 0.03, a spin-flop transition
from mag || ¢ to || b and for x > 0.03, that from mag || b to || c. The
solid vertical line at x ~ 0.03 is the boundary where the magnetic
anisotropy in the bc plane is changed.

latter originates from no magnetic ordering down to very low
temperature. p of LaRu;Ajp shows a normal nonmagnetic
behavior with RRR ~ 18. Its temperature dependence is
similar to that of PrRu, Al;g.

Figures 16(a-1)-16(b-4) show the temperature dependence
of p of Ce;_,La,RuyAljy normalized by p at T =30 K
in zero magnetic field for 7 || a and c. In Fig. 16, panels
(a-3), (a-4), (b-1), and (b-2), the results in magnetic fields
are also shown. Figure 16(c) shows the magnetoresistance of
Ce;_,La,RuyAljg (x = 0.35 and 0.5) for H || a. Also in the
present system, Tpi, appears at x ~ 0.05 at T, ~ 10 K as
is seen in Ce;_,Pr,RuyAljo. The similar anisotropic increase
of p below T, is seen as is observed in Ce;_Pr,Ru,Aly.
The anomaly at Ty for I || a is clearly seen up to x = 0.1 but
is difficult to distinguish between Ty and Tp,.x for x > 0.35.
For I || ¢, the anomaly is clearly seen still for x = 0.2,
different from a broad anomaly in CeggPrg,Ru;Aljg. As for
the magnetic field effect, for 7 || @ and H || a, a negative
magnetoresistance is seen. For x = 0.35, its magnitude is large
above ~10 K but is reduced largely at low temperatures. For
x = 0.5, the magnitude of negative magnetoresistance is large
even at low temperatures, although the largest suppression of
p at Tp. 1S maintained.

600 . .

Ce,.La,RuAl,
1//a 0.05

400

p (nQcm)

200

0 100 200 300

FIG. 15. (Color online) Temperature dependence of the electrical
resistivity of Ce;_,La,RuAlyy (x =0, 0.05, 0.1, 0.35, 0.5, 1.0) for
1] a.
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FIG. 16. (Color online) Temperature dependence of the electrical
resistivity of Ce;_,La,Ru,Al;, normalized by p at T = 30 K and
H =0forl | a:(a-1)x = 0.05, (a-2) x = 0.1, (a-3) x = 0.35, (a-4)
x =0.5;and for I || c: (b-1) x = 0.03, (b-2) x = 0.05, (b-3) x = 0.1,
(b-4) x =0.2. In (a-3), (a-4), (b-1), and (b-2), those in magnetic
fields are also shown. (c) Magnetoresistance for x = 0.35 and 0.5 at
T =14Kand~10K.! || aand H || a. p isnormalized by p(H = 0)
and the origin of the vertical axes of those at ~10 K are shifted by
0.3. (d) Magnetic phase diagram of CeysLagsRuyAly for H || a.

Although the temperature dependence of p in zero
magnetic field in CegsLagsRuyAljy is similar to that in
Cep.¢5Lag 35Ru,Alyg, the magnetic field effect below Ty is
very different. As is seen in Fig. 16(c), a large negative
magnetoresistance is seen at high temperatures around Ti.x
in both samples. However, at T = 1.4 K, although a small
negative magnetoresistance is seen for x = 0.35, a large one
is seen for x = 0.5. This reflects the different nature of Ce
ion in the AFM ground state between these two samples.
For x = 0.35, the magnetic scattering is already suppressed
largely at low temperatures in zero magnetic field. On the
other hand, for x = 0.5, the Ce ion in the AFM ground
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FIG. 17. (Color online) Shubnikov—de Haas oscillation of
(a) CCO‘95L80'05R112A110 and (b) Ceo'gpro'zRUZAllo atT =14K.

state has also a free-ion-like nature in the same way as in
the paramagnetic region and so there exists a large negative
magnetoresistance even at lowest temperature. For [ || ¢ and
H || a shown in Figs. 16(b-1) and 16(b-2), although the large
negative magnetoresistance is seen at high temperatures, a
positive one at low temperatures is much more reduced than in
Ce.95Prg osRu, Alyg. Figure 16(d) shows the magnetic phase
diagram of CegsLagsRuyAlyg for H || a. Ty ~ 7.3 K and H,
is roughly estimated to be ~25 T. Tj is about one fourth and
H. is one half of those of CeRu,Al.

Figures 17(a) and 17(b) show the SdH oscillations of
Ceo.gsLao_OSRUZAllo and Ceo_gpro_zRUQAho at T=14 K,
respectively. The SdH frequency is ~22 T and ~43 T,
respectively. These values are similar to that observed in
CeRu,yAljg [60,62]. The observation of the SdH oscillation
indicates the high quality of the sample. On the other hand,
the scattering by doped Ln ions clearly increases as is seen
in Fig. 12. These two results seem to contradict each other.
In the typical Kondo semimetal, CeNiSn, although the SdH
oscillation is observed in a good-quality sample [64], the
ground state is rapidly changed to the semiconducting state
by a small amount of doping [65]. We note that the SdH
oscillation is observed also in CeggsLag gsRuyAljg exhibiting
the increase of p below Tyyy,.

Figures 18(a-1) and 18(b-1) show the magnetoresistance of
CepoLag RuyAlyg and CegsLagsRuyAlyg for H || b, respec-
tively. In both samples, a spin-flop transition from m g || b to
|| ¢ appears at the magnetic field shown by the arrows. For the
other field directions, no anomaly is seen up to 14.5 T, while
they are not shown here. Figures 18(a-2) and 18(b-2) show
the magnetic phase diagrams of these samples for H || a. We
note that the magnitude of p is smaller in the AFM phase with
mar || ¢ than that with mag || b as in Ce;_,Pr,Ru; Al shown
in Figs. 13.

Figure 19 shows the x dependence of Hgy of
Ce;_,La,RuyAljg. The AFM order with mag || ¢ is suppressed
by Ladoping and for x > 0.07, the AFM order with mag || b is
stable. The critical x3* value of ~0.07 is over two times larger
than x' ~ 0.03 in Ce;_,Pr,RuyAl;¢. The critical x. value of
~0.6 where the AFM order disappears is also much larger than
~0.4 in Cel_xPrXRllello.

2. Magnetic susceptibility

Figures 20(a) and 20(b) show the temperature dependence
of the magnetic susceptibility of CegsLagsRuyAl;g and
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FIG. 18. (Color online) Magnetoresistance of (a-1) Cegolag
Ru,Alyy for I || ¢ and H || b and (b-1) CeysLagsRu,Alyg for I || a
and H | b. Magnetic phase diagram of (a-2) CeggLagRu,Alj, for
H ” b and (b-2) CEQ'SLHO.SRUZAIK) for H ” b.

CegsLagsRu,Alyg, respectively. Although the x’s of both
samples along the three crystal axes show a similar temperature
dependence above ~50 K, a large difference appears below
~20 K. In the latter, the magnetic order does not exist
down to T =0 K and the Curie-like increase is seen with
decreasing temperature for all the magnetic field directions. In
the former, 7j is estimated to be ~7 K from the specific heat
and electrical resistivity. The long-range order below 5 K in
CegsLagsRu,Aljg was recently confirmed through the ©SR
experiment [40]. The temperature dependence of y; and x. is
weak below ~20 K. Very small temperature dependence of y;
is consistent with the AFM order with maf || b expected from

20 | T T T
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5 Mye /1 b N

Mue// C

ol . ! . ! . !
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FIG. 19. (Color online) x dependence of the spin-flop transition
field Hyy of Ce;_La,Ru,Al;o. For x < 0.07, a spin-flop transition
from mag || ¢ to || b and for x > 0.07, that from mag || b to || ¢. The
dotted line is the conjectured x dependence of Hys. The solid vertical
line at x ~ 0.07 is the boundary where the magnetic anisotropy in the
bc plane is changed.
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FIG. 20. (Color online) Temperature dependence of the magnetic
susceptibility of (a-1) Ceg sLag sRu, Aljg and (b-1) Ceg3Lag7;Ru, Alyg.
(a-2) and (b-2) show those for H || b and ¢ below 100 K.

the magnetic phase diagram for H || b. The increase of x, of
CeosLagsRu,Alyg at low temperatures is consistent with the
magnetoresistance for H || a, where the Ce ion has a rather
free-ion-like nature in this sample.

3. Lattice constants

Figures 21(a)-21(d) show the x dependence of the lattice
constants, the a, b, and ¢ axes of Ce,_,La,Ru,Al;y normalized
by those of LaRu,Al;q, respectively. The x dependence of
the b axis is small but those of the a and ¢ axes are large.
This originates from the anisotropic c- f hybridization, which
induces the larger contraction in the ac plane than along the
b axis. The lattice constants do not obey the simple Vegard’s
law drawn by dashed lines in Fig. 21(d). In a close region
to CeRu,Alyg, the x dependence of the lattice constants is
small and in a close region to LaRu;Al,, the lattice constants
decrease roughly linearly to x and the slope is changed around
x ~0.7.

IV. DISCUSSION

A. Magnetic properties

First, we discuss the Pr- and La-doping effects on the AFM
order in CeRu,Aljy. The important result in the present study
is that the AFM order with mar || a never appears up to x..
When Tj is low in a large-x region close to x., the Ce-Ce
interaction is weak and the single-ion magnetic anisotropy
is expected to be dominant to determine the magnetization
easy axis in the AFM phase. Then, the AFM order with
mar || a is expected. However, the AFM order with mar || b
is realized. This indicates that even in samples with such a
low Ty, there should exist some interaction which avoids m ap
to align along the a axis. In CeRu,Al;p, we proposed that
this interaction is the strong c- f hybridization along the a
axis [16,30,56]. The present results strongly suggest that this
anisotropic c¢- f hybridization plays an important role even in
the samples with a low Ty. Here, we should note that the x
dependence of the lattice constants does not obey Vegard’s
law above x ~ 0.7 in Ce;_,La,Ru;Alo. In a large-x region
close to LaRu, Al |y, a single-ion nature of the Ce ion should be
dominant, where the lattice constants obey Vegard’s law. The
deviation from Vegard’s law indicates that the contribution
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FIG. 21. (Color online) (a)—(c) x dependence of the lattice con-
stants (a, b, and c axis) of Ce;_,La,Ru,Al}, at room temperature,
respectively. (d) These normalized by the lattice constants of
LaRu,Aly. Solid lines are a guide to the eyes. Dashed lines follow
Vegard’s law.

of the c-f hybridization is enhanced with increasing Ce
concentration. x ~ 0.7 could be considered as the boundary
between the Kondo semiconducting state and the impurity
Kondo state. We note that it was reported that the spin gap
exists at least up to x = 0.3 in Ce;_,La,Ru,Al;o [47]. Then,
we expect that the spin gap continues to exist up to x. and the
origin of the spin gap is the strong c- f hybridization along the
a axis.

Next, we discuss the rotation of mar from c¢ to b
axis by a small Ce-site substitution at x*". Previously, in
Ce;_,La,Ru,Aljo, we proposed that the origin of the rotation
is the reduction of the c- f hybridization originating from the
negative chemical pressure induced by La doping, whose ionic
radius is larger than that in Ce [13]. However, the present
results clearly indicate that this is not correct because the
same type of the rotation of map appears also in Pr doping,
which induces the positive chemical pressure. On the other
hand, there exists the following important relation between the
rotation of map and pressure effect. In Ce;_,La,Ru, Al with
mar || b, map is easily rotated to the c axis by applying a small
pressure [32]. This clearly indicates that the c- f hybridization
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dominates the magnetic anisotropy in the bc plane. Thereby,
now, we conclude that the origin of the rotation of map from
c to b axis is the reduction of the c- f hybridization as a result
of the decrease of the 4 f electrons on Ce sites by Ce-site
substitution. Here, we should note that the rotation of maf
appears in a small-x region. Considering that such a small
doping induces the rotation of map in all the Ce sites, this
change of the magnetization easy axis could not be ascribed to
the single-ion effect but should be ascribed to the mechanism
such as a coherence effect, which affects all the moments on
Ce sites in the crystal. Namely, the anisotropic bandlike mech-
anism originating from the enhancement of the anisotropic c- f
hybridization with increasing Ce concentration is associated
with the magnetization easy axis in the AFM phase, although
the microscopic mechanism is not known. The chemical
pressure effect induced by Ce-site substitution is not effective
to modify the strength of the c- f hybridization, because it may
be due to the local effect but not the bandlike effect. We note
that just at xJ', there exists no magnetic anisotropy in the bc
plane, where the Heisenberg model might be applicable. There,
the anisotropic AFM exchange interaction just competes with
the anisotropic c- f hybridization with maintaining the high 7.

Finally, we briefly comment about the magnetic anisotropy
in Re 3% doped CeOs,Al;p and CeRuyAljg. The neutron
diffraction experiments indicate that in the former, mar || ¢
and in the latter, map || & [39]. By Re doping, the system is
considered to move to the valence fluctuation regime. Then,
we expect that the enhancement of the c-f hybridization by
Re doping is rather isotropic and the anisotropy of the c- f
hybridization is maintained. As the anisotropy in the bc plane
is very small, a subtle change of the anisotropy in the bc plane
determines the direction of map. This could give rise to the
different Re-doping effect on the magnetic anisotropy in the
bc plane between CeOs;Aljg and CeRu,Alyy.

B. Transport properties

The electrical resistivity under the transverse magnetic field
shows quite different magnetic field effects below and above
Tp. It is quite small above Ty but is very large below Ty. The
magnitude of the Hall resistivity py is also very different below
and above Tj; i.e., itis very small above Tj and very large below
Ty [54]. These strongly suggest that such large differences of
p and py below and above T originate from the different size
of the Fermi surface below and above 7. It is large above Ty
but is small below Tj.

The increase of py below Ty gives important information
on the Fermi surface below 7. p of CeRu,Al;y shows the
increase below Ty and after taking a maximum at Tpy, it
decreases with decreasing temperature. The increase of Ty
originates from the AFM order and this increase is seen for
all the current directions, which is difficult to explain by the
superzone gap formed by the AFM order. In a normal AFM
compound, the Fermi surface is cut anisotropically below Ty
and the anisotropic superzone gap opens below Ty. Then, the
anisotropic increase of p is expected below Ty. In fact, in
the localized antiferromagnet, NdFe,Al;(, such an anisotropic
behavior is clearly observed. The magnetic structure of this
compound was recently determined, where k| = (0%0) and

ky = (0%0) are the ordering vectors [66]. Due to this type of
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AFM order, the increase of p below Ty for I || b is expected
but not for 7 || @ and c. Our recent results of p in NdFe,Al,g
showed that the large increase is seen only for I || b but a
decrease for [ || a and ¢ below Ty [67]. This anisotropic
resistivity below Ty is consistent with the AFM order in
NdFe, Alg. On the other hand, in CeT, Al g, the increase below
Ty is seen for all the current directions. This indicates that the
gap is opened on almost the area of the large Fermi surfaces by
the AFM order and the small Fermi surfaces are constructed
below Tj. Such a gap opening on the Fermi surface is different
from that in the normal AFM compound and may indicate the
characteristic of the AFM order in the Kondo semiconductor.
The microscopic mechanism should be clarified in the future.

Next, we discuss the anisotropic behavior of p below Tj in
Ce;_,Ln,RuyAl g (Ln=La, Pr). In principle, the temperature
dependence of p below Tj originates from two different kinds
of contributions. One is the increase due to the opening of
the charge gap and the other is the decrease due to the
suppression of the magnetic scattering, although in a real
system, both could be associated with each other. The small
Fermi surfaces are formed by the AFM order below Ty. The
small Fermi surface is generally isotropic and the increase of
p below Tj is expected to be isotropic. Then, the anisotropy
of p below Tj is expected to originate from the anisotropic
magnetic scattering. p of CeRu,Al;g and CeOs,Al;y show the
anisotropic increase below Ty. It is large for 7 || b and || ¢
but is small for / || a [13,37]. This anisotropy is maintained
also by Pr or La doping. The small increase of p below Ty
for I || a suggests the largest suppression of the magnetic
scattering for I || a. With increasing x in Ce;_,Ln,RuyAl;q
(Ln=La, Pr), the separation between T,,x and Ty is reduced
for I || a, but not for I | b and c. This also suggests the
largest suppression of the magnetic scattering for I || a. This
is supported by the largest decrease of p below Ty« for I || a
and the smallest one for / || bin Ce;_,Pr,Ru,Al; asis seenin
Figs. 8-10. This anisotropic decrease of p below T« indicates
the anisotropic magnetic scattering below Ty. Here, we propose
that the opening of the anisotropic spin gap induced by the
anisotropic c- f hybridization reduces the magnetic scattering
anisotropically.

Finally, we briefly comment on the difference between
the present system and Kondo semimetal CeNiSn with the
nonmagnetic ground state [64]. Both compounds exhibit SAH
oscillations. In the latter, the SdH frequency of ~100 T
was observed and the effective mass is ~10m,, which is
large for a small Fermi surface. In CeRu,Aljp, the small
SdH frequency of ~20 ~ 100 T was observed [60,62] but its
effective mass of ~1m, is much smaller than that in CeNiSn.
In both compounds, the transport properties are dominated
by the small Fermi surfaces. These differences might be
associated with the difference of the ground state between
the AFM- and nonmagnetic-Kondo semiconductors, where
the mechanism to construct the small Fermi surface is also
different.

V. CONCLUSION

We have studied Pr- and La-doping effects on the magnetic
anisotropy in the AFM phase of CeRu,Al;jg. x of PrRuyAlyg
exhibits a large anisotropy below room temperature and the
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overall CEF splitting with a singlet ground state is estimated
to be ~800 K from the analysis using the CEF Hamiltonian.
The origin of such a high CEF splitting is not known and
further studies are necessary. In Ce;_,Pr,Ru,Al;g, the CEF
level scheme of the Pr ion is not changed with x, indicating
the single-ion nature of the doped Pr ion. maF is rotated from
c to b axis at x)* ~ 0.03 in Ce_,Pr,Ru,Al;( as was observed
in Ce;_,La,Ru,Al;y, where the rotation of map appears at
x' ~ 0.07. As the ionic radius of La is larger than that of Ce
and that of Pr is smaller than that of Ce, these results indicate
that the rotation of m s from c to b axis is not associated with
the chemical pressure effect, but it is caused by the reduction
of the c-f hybridization originating from the decrease of
4 f electrons of Ce ions by the Ce-site substitution. Since
a small amount of Ce-site substitution rotates the magnetic
moments of all the Ce ions, the magnetic anisotropy does not
originate from the local single ion effect but from the bandlike
effect through the anisotropic c- f hybridization. The AFM
order exists up to x, ~ 0.4 in Ce;_,Pr,Ru,Al}y and x. ~
0.6 in Ce;_,La,RuAljy. The magnetic phase diagrams of
Cey_,Pr,Ru,Al;y and Ce _,La,Ru,Al;( indicate that for x >
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x', the AFM order with msf || b continues to exist up to x. in
both doping systems. This contradicts the simple expectation
that the magnetization easy axis is dominated by the single-ion
magnetic anisotropy along the a axis due to the weak Ce-Ce
interaction. Even in the samples with a low Tj near x., the
anisotropic c- f hybridization dominates the AFM order. The
large positive transverse magnetoresistance is seen below Ty
but a very small one above Ty. The SdH oscillation was
observed even in Ceg gPrg,Ru,Al;y. From these observations
together with the results of Hall resistivity, we propose that
there exist large Fermi surfaces above Tj and small ones below
Tp. The gap is opened by the AFM order on almost the area of
the large Fermi surfaces and the small Fermi surfaces are con-
structed below T by the unknown mechanism specific to the
AFM order in Kondo semiconductors. With increasing Pr dop-
ing, the two-dimensional characteristic of the electrical resis-
tivity becomes clearer. The largest suppression of the magnetic
scattering below Ty is observed for I || a and the smallest for
I || b. This anisotropy may be associated with the anisotropic
c- f hybridization, which may contribute to the anisotropic
magnetic scattering of the conduction electron below Tj.
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