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Magnetic anisotropy of Kondo semiconductor CeT>Alyy (T = Ru,Os) in the ordered state
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We studied the applied magnetic field direction (6) dependence of the magnetic and transport properties of
CeT,Aly (T = Ru, Os) in the ab, bc, and ca planes focusing on the magnetic anisotropy in the ordered state.
The magnetization of NdOs;Al;, was also studied as a reference of CeT,Aly. The results of NdOs,Al,, in the
antiferromagnetic (AFM) state could be understood as a normal localized AFM compound. In CeT;Al;g, the
magnetic susceptibility in the ab, bc, and ca planes exhibits a smooth cos 0-like 6 dependence both in the ordered
state and the paramagnetic region. This suggests that the antiferromagnetic moment (7 py) is not so strongly
fixed along the c axis in the ordered phase, which indicates that the anisotropic AFM exchange interaction along
the ¢ axis is not strong and a coupling between the orbital moment of the Ce ion and the lattice is also small. The
0 dependence of H* in the bc and ca planes strongly supports the spin-flop transition from magym || ¢ to mapm || b
at H* for H || ¢ unexpected from the smallest magnitude of the magnetic susceptibility along the b axis, which
was recently proposed by our 2’ Al NMR studies. From the 6 dependence of H* in the ca plane, we propose
that the phase II observed in a high-field magnetization curve a little below the critical field to the paramagnetic
region for H || a is the spin-flop phase B with magy || b. H* in CeOs,Alyq is about twice larger than that in
CeRu,Alyg, and when the temperature approaches to the transition temperature (7;) from the low temperature,
H* of CeOs,Alj exhibits the unusual increase, but that of CeRu, Al is reduced. As the origin of the different
behavior of H* in these two compounds, we propose that the relative weight of the singlet component against
the AFM component in the ordered state close to 7 and also the c- f hybridization along the b axis are larger
in CeOs,Aljo than in CeRu,Alyg. We conclude that the anisotropic c- f hybridization is the origin of the unusual
magnetic anisotropy of CeT;Alg in the ordered state.
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I. INTRODUCTION

Ce-based compounds have been studied extensively due
to the appearance of the unexpected phenomena originating
from the strong electron-electron correlation. The Kondo
semiconductor is one of such interesting systems. The recently
discovered Kondo semiconductor CeT,Aly (T = Ru, Os,
Fe) has attracted much attention because of the unusual
long-range order in CeRu,Aljy and CeOs,Alj.'3! These
compounds are the first examples showing the magnetic order
among the Kondo semiconductors, except the intermediate
valence compound TmSe, which could be categorized into
the Kondo semiconductor.?> These compounds crystallize into
the orthorhombic YbFe,Al;y-type structure where the distance
between the rare-earth ions is large and the interaction between
them is expected to be weak.'">> The crystal structure of the
present system is shown in Fig. 12. The shortest Ce-Ce distance
is 5.26 A and the second nearest one is 6.87 A in CeRu,Alyg.
It is reported that the magnetic ordering temperatures in most
of the Ce compounds in which the Ce-Ce distance exceeds
5 A are below ~2 K.**> Among this series of compounds,
CeT,Aljp (T = Ru, Os, Fe) has been studied extensively.
CeRu,Aljp and CeOs;,Aljy exhibit the same type of unusual
phase transition at high temperature of ~30 K.*> The magnetic
susceptibility exhibits a large anisotropy of x, > x. > x»
in the paramagnetic region, suggesting the large crystalline
electric field (CEF) splitting in these compounds.>'?? Here,
Xa» Xb, and . are the magnetic susceptibility along the a, b,
and c axes, respectively. In CeRu, Al g, a Curie-Weiss behavior
is observed in y,, indicating the valence of the Ce ion is
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close to 3+. On the other hand, in CeFe,Al;(, the magnetic
susceptibility is small and its temperature dependence is weak,
which indicates that this compound is categorized into the
valence fluctuation system.* Thus, the effect of the c-f hy-
bridization is smallest in CeRu,Al; and largest in CeFe,Al.
CeOsyAlyg is situated just between these two compounds.
CeRu,Al;p and CeOs; Al exhibit the following characteristic
magnetic properties. (1) The transition temperature (7p) is
very high regardless of a long distance between Ce ions. Even
in GdT,Al;y with a well-localized moment, Ty is 16 K.>%!
(2) The antiferromagnetic (AFM) order is realized below Tj.
The magnitude of the ordered moment (1) is small and the
AFM moment (magy) is parallel to the ¢ axis at H =0,
irrespective of the relation of x, > x..'>!'”!® (3) Although m
in CeRu, Al is larger than that in CeOs,Alj, Ty of CeRuyAljg
is lower than that of CeOs;Aljp. The magnitude of my is
0.42 and 0.29 up/Ce in CeRuyAljy with Ty = 27.3 K and
CeOs,Alyy with Ty = 28.7 K, respectively.>'® This unusual
relation between m and Tj strongly suggests that the origin of
the long-range order is not the usual AFM exchange interaction
and the important contribution of the c-f hybridization is
suggested. (4) The magnetic susceptibility exhibits a decrease
below Ty, independent of the crystal axes,>'? which is difficult
to understand as a simple AFM order. There exists a large
finite magnitude of . at the lowest temperature regardless of
mapMm || ¢. We call this finite value of y. as a Van Vleck term,
the origin of which is not known. (5) The specific heat (C)
exhibits a sharp and large peak at T; and the magnetic entropy
released at 7j is about 0.7 RIn2 and 0.3 RIn2 in CeRu, Al and
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CeOs,Alyg, respectively.” This supports the trivalence of the
Ceionin the former and the closeness to the valence fluctuation
regime in the latter. (6) C exhibits an exponential decrease
with an excitation energy of ~100 K below Ty and x, also
shows a similar exponential temperature dependence when
a Van Vleck contribution at low temperatures is subtracted.’
The inelastic neutron scattering experiments directly exhibited
the existence of a large spin gap in the ordered state.'®!°
(7) Ty of CeRu,Alyg is enhanced by applying pressure up to
~2.5 GPa. At the same time, the physical properties become
similar to those of CeOs,Al;, which is situated closer to the
valence fluctuation region than CeRu,Aly. This indicates that
the c-f hybridization is enhanced and my is also reduced
by pressure. The enhancement of 7y by pressure regardless
of the reduction of m is quite strange. By further increase
of pressure, Ty is suppressed and suddenly disappears at
~4 GPa and the physical properties become similar to those
of CeFe,Al;(, which is an intermediate valence compound.5
Thus, it could be said that the unusual magnetic order in
the present system takes place near the boundary between the
localized and itinerant characters of the 4 f electron. (8) The
high-field magnetization curve exhibits a pronounced concave
H dependence for H || a and a phase transition exists at H™!
a little below the critical field to the paramagnetic region H?,
although a spin canting magnetization process with mapy || ¢
is realized for H || a.'"?° (9) The metamagneticlike transition
exists at H* in the magnetization curve for H || c. H*is ~4 T
and ~7 T in CeRu,Aljy and CeOs,Alyy, respectively.'?!3
The origin of this transition was not yet clarified. (10) The
transport properties show the two-dimensional nature in the
ca plane,'® which might be associated with the anisotropic
charge density distribution of LaRu,Al;p, which indicates
that the T-Al;p polyhedron is the fundamental component
of the crystal and the rare-earth ion is located as nearly a
free ion in the crevice constructed by the surrounding 7'-Aljg
polyhedra.>* The optical conductivity also shows such an
anisotropic behavior.>>-?7 (11) Although at high temperatures
a Kondo semiconducting behavior is observed in the electrical
resistivity, the ground state is a Fermi liquid, which is
indicated by the observation of a Shubnikov—de Haas (SdH)
oscillation."”

Although at the early stage, we proposed the possible long-
range order with a singlet ground state below T;,” soon after,
Kambe and Khalyavin er al. reported that the AFM order
with a small magnitude of mapm || ¢ was realized below
Ty in CeRuyAl;o.>"> Recently, Kondo et al. stressed the
importance of the spin singlet in the ordered state based on the
high-field magnetization of CeT,Al;o.>° The magnetization
curve for H || a shows a pronounced concave H dependence
in the ordered state. This concave H dependence of the
magnetization is seen even at higher temperatures above 7 up
to ~40 K in CeOs;Alj. This temperature of ~40 K coincides
with Ty, where x, and . exhibit a maximum. From these
results, they concluded that the spin singlet accompanied with
a large spin gap begins to be formed at T;,,x and coexists with
the AFM order below Tj. Kondo et al. discussed that the largest
c- f hybridization along the a axis could make a magnetization
easy axis along the c axis, which leads to mapm || ¢ at
H=0.
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FIG. 1. (Color online) Schematic picture of the magnetic phase
diagrams of CeRu, Al (red line) and CeOs;,Al;q (blue dashed line)
for (a) H || a cited from Refs. 11 and 20 and (b) H || ¢ cited Refs. 12
and 13, respectively. Phase I for H || a is phase A for H || c. Phase I
for H || a is expected to be phase B for H || ¢, and we conjecture that
phase Il for H || a is phase B for H || c. See the discussion in details.

Quite recently, we reported the detailed results of
27A1 NMR in the ordered state of CeRu,Al;g using the
single crystal.**3! The results at H ~ 2.8 T were explained
consistently with the AFM order reported by the neutron
diffraction results, i.e., mapym || ¢ in zero magnetic field. The
NMR results at H ~ 4.4 T above H* for H || ¢ indicate that
mapm flips from the ¢ to the b axis at H*.3' That is, in
the spin-flip phase B, mapy is parallel to the b axis. This
is quite strange because there exists a large anisotropy of
Xa > Xc > Xp in the paramagnetic region.

Here, we note the unusual characteristics of the mag-
netic phase diagram of CeT,Aljy. Figures 1(a) and 1(b)
show the schematic picture of the magnetic phase dia-
grams of CeRuAljy and CeOsAl)y for H || a and c,
respectively.!'=1320 In the phase I for H || a, a spin canting
magnetization process withmapy || ¢ isrealized and this phase
is expected to be continuously changed to the paramagnetic re-
gion at the critical field H. However, the other phase II exists
alittle below HY. For H || ¢, H* exists at4 ~ 7 T. While Tj is
not affected by magnetic field up to 15 T in both compounds,
H* shows a largely different temperature dependence between
two compounds. The magnitude of H* of CeOs;Al; is about
twice larger than that of CeRu,Aljg. Although in CeRu,Aly,
H* is suppressed when the temperature approaches to Tj from
the low-temperature side, H* of CeOs;Al;y shows the unusual
increase. The origin of the unusual temperature dependence of
H* in CeT, Al has not yet been clarified.

In this paper, we performed the measurement of the
magnetization, magnetostriction, electrical resistivity, and
Hall resistivity of CeT;Aljy to clarify the unusual magnetic
anisotropy in the ordered state, which gives us the clue to
understand the unusual AFM order in these compounds.

II. EXPERIMENT

The single crystals of CeT,Alyy (T = Ru, Os) and
NdOs, Al;y were prepared by an Al flux method. The magnetic
susceptibility of CeT,Al;p was measured by SQUID mag-
netometer. In the magnetic susceptibility of CeOs,Al;q, the
lowest magnetic fieldis 2 T for H || b and c. The magnetization
at low temperatures was measured by an extraction method
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FIG. 2. (Color online) (a) Temperature dependence of magnetic
susceptibility of CeT,Alyo (T = Ru, Os) along the three crystal axes
measured at H = 1 T. T} indicates the transition temperature of these
compounds. (b) Temperature dependence of magnetic susceptibility
of CeOs,Al; along the a axis below 50 K. The inset shows the
temperature dependence of d x /dT in which 7j is clearly recognized
as a sharp dip.

up to H = 10 T. The magnetostriction was measured by a
three-terminal capacitance method. The electrical resistivity
and Hall resistivity were measured by a usual four-probe ac
method and the 6 dependence of the electrical resistivity was
measured by using a homemade uniaxial rotator, where 6 is
the angle between the magnetic field and the crystal axis.

III. EXPERIMENTAL RESULTS

We performed the magnetization measurements of
NdOs,Alj, at low temperatures as a reference compound of
CeT»Alp showing the unusual properties. We found that the
results of NdOs,Alj( could be explained as a normal localized
magnetic compound. The results are shown in the Appendix,
Sec. 1.

Here, we show the experimental results of CeT,Al;g. The
temperature (7') dependence of the magnetic susceptibility
(x) of CeT,Aljg (T = Ru, Os) along the three crystal axes
below T = 100 K is shown in Fig. 2(a). While yx, and x.
of CeRu,Al increase with decreasing temperature down to
Ty in the paramagnetic region, they exhibit a decrease toward
Ty below Tiax ~ 40 K in CeOs,Aljp. In CeRuyAlyg, x along
all the crystal axes exhibits a clear kink at 7 and a decrease
below Ty. In CeOs,Alyg, a clear kink is observed at T, for
H || ¢, but it is difficult to recognize for H | a. While the
anomaly is scarcely recognized even in the expanded scale in
Fig. 2(b), in the T dependence of d x /dT, which is shown in
the inset of Fig. 2(b), a sharp dip is seen at Ty. The upturn of x
below ~10 K is attributed to the Curie term from the magnetic
impurity.

Figures 3(a) and 3(b) show the M-H and dM/dH-H
curves of CeRuyAljy at T = 18 K, respectively, where the
applied magnetic field lies in the ca and bc planes. The de-
finition of 6 is shown in Fig. 13. In the ab plane, the
magnetization increases in proportion to H independent of 9,
while they are not shown in Fig. 3(a). The magnetization curve
for H || ¢ shows an anomaly at H* ~ 4 T as was previously
reported.'? This is clearly seen as a maximum at ~3.9 T in
the dM/d H-H curve. In the case of & = 30° in the ca plane,
H* increases up to 4.5 T. In the case of & = 60° and 90° in
the ca plane, M is proportional to H up to 5 T, while they
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FIG. 3. (Color online) (a) Magnetization curve and (b) dM /d H-
H curve of CeRu,Alyp at T = 18 K, where the magnetic field is
rotated in the ca and bc planes. The definition of 6 is shown in
Fig. 13. The origin of the vertical axis in the figure (b) is shifted so
as to be zero at H = 0 in each curve.

are not shown in Fig. 3(a). In the bc plane, when H is rotated
from the c to the b axis, the anomaly at H* is rapidly smeared
out. As for the 6 dependence, H™* increases when H is rotated
from the c to the a axis, but is not so much changed when H
is rotated from the c to b axis.

Figure 4 shows the T dependence of yx. of CeT,Aljg [(a)
T =Ru, (b) T = Os)] below 50 K. In the paramagnetic region,
Xc of CeRuyAljy shows an increase with decreasing temper-
ature. A small maximum is seen at ~30 K. In CeOs,Al,y,
it decreases toward T after showing a broad maximum at
~40 K. At low magnetic fields of 1 or 2 T, x. shows a rapid
decrease below Tj in both compounds. At H = 5 T, which is
above H* in CeRu,Al,, after showing a decrease below Ty,
Xc 1s nearly independent of temperature below 7" ~ 15 K. This
T dependence of x. could be understood by mapy L H. In
CeOs,Alyg, H = 7 Tis above H* below ~17 K and below H*
above ~17 K. While the experimental result of x. at H =5
and 7 T shows an increase below ~15 K, this is expected to
originate from the Curie term from the magnetic impurity. The
thin solid line exhibits the speculated intrinsic 7" dependence
of x. in the ordered state after subtracting the Curie term from
the magnetic impurity, although this is not exactly correct.

Figure 5 shows the T' dependence of x; of CeRu,Al;jy and
CeOs;,Aljg below 50 K. In CeRu,Alj, the results measured
at H =1 and 5 T are shown. In CeOs,Al;(, those measured
at H =2 and 5 T are shown. The upturn below 15 ~ 20 K
is attributed to the Curie term from the magnetic impurity.
In the paramagnetic region, x, decreases with decreasing
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FIG. 4. (Color online) Temperature dependence of the magnetic
susceptibility of CeT,Alyg [(a) T =Ru, (b) T =Os]for H | c.In (a),
the applied magnetic field is 1 and 5 T. In (b), the applied magnetic
field is 2, 5, and 7 T. The dotted line in (b) shows the expected
temperature dependence of x. assuming the paramagnetic state
continues to exist down to the lowest temperature. The dashed-dotted
line in the figure (b) shows the expected temperature dependence of
Xc at H =5 T without the Curie term from the magnetic impurity.
The solid thin line in the figure (b) shows the speculated temperature
dependence of x. at H = 7 T without a Curie term from the magnetic
impurity. We note that these lines are not exactly drawn but the
qualitative ones.

temperature after taking a broad maximum at ~250 K in
both compounds.?’ In CeRu,Aly, x; exhibits a very shallow
minimum at ~50 K and in CeOs, Al it continues to decrease
down to Ty. Below Ty, xj of CeRu, Al shows arapid decrease.
In CeOs;,Al)y, a kink at Tj is not pronounced. Thus, x shows
a decrease below Tj independent of the applied magnetic field
direction in both compounds, which is difficult to understand
by a simple AFM order.

Figure 6 shows the T dependence of x of CeRu,Alj
measured at H = 1 and 5 T. The magnetic field is rotated in
the bc and ca planes. For H || a and 8 = 60° in the ca plane,
x measured at H = 1 T just coincides with that measured at
H =5 T apart from a Curie term at low temperatures. This
indicates that the magnetization increases in proportion to H

1.2x1 0-3 T T T

1.1

—a—
CeT,Al,  —o
-
e

1.0,

0.9

x(emu/mol)

0.8

0.7 ! ! ! !
0 10 20 30 40 50

FIG. 5. (Color online) Temperature dependence of magnetic
susceptibility of CeT,Alyy (T = Ru, Os) for H || b. The applied
magnetic fieldis 1 and 5 Tfor 7 =Ruand 2 and 5 T for T = Os.

PHYSICAL REVIEW B 85, 205208 (2012)

14x1 0-3 T T T
CeRu,Al,, Hila

12 —e— H=IT
—&— H=5T

10
6=60deg(ca-plane)

8K+ -

6=30deg(ca-plane)

x(emu/mol)

4l Hilc |
= :SOdeg(bc-Ianle)
2 6=30deg(be-plane)
H//b
0 | |
0 10 20 30 40

T(K)

FIG. 6. (Color online) Temperature dependence of magnetic
susceptibility of CeRu, Al;p measured at H = 1 and 5 T. The magnetic
field is applied in the ca and bc planes. The definition of 0 is shown
in Fig. 13.

atleastup to 5 T. For & = 30° in the ca plane, a large deviation
between the T dependence of y measuredat H = 1 and 5 T is
seen. This comes from the fact that 5 T does not belong to the
low-field phase A below H* butislocatedat~H*.For H || c,a
difference between those measured at H = 1 and 5 T is largest.
x measured at H = 5 T is nearly independent of temperature
below ~20 K, which could be explained by mapm L H above
H*.For6 = 60° in the bc plane, x measured at H = 1 T shows
adecrease below Ty, but that at H = 5 T is nearly independent
of temperature below Tj. Also for 6 = 30° in the bc plane,
the similar results are obtained, while a difference between x
measured at H = 1 and 5 T is smaller than that for 6 = 60°.
For H || b, a difference between x measured at H = 1 and 5
T is not recognized in this figure, but a small difference exists
as is seen in Fig. 5.

Figures 7(a) and 7(b) show the 6 dependence of y in the
ab, bc, and ca planes at T = 10 and 30 K and at T = 18 K,
respectively. At T = 30 K, only the results measured at H =
1 T are shown because the magnetization curve is proportional
to H. These are plotted from the results of the T dependence
of x in Fig. 6. x in each plane shows a smooth cos 6-like
0 dependence both below and above Tj. In the bc plane, x
measured at H = 1 T is smaller than that at H =5 T in all
the 6 regions. Its difference is largest for H || ¢ and decreases
when H approaches to the b axis. In the ca plane, y measured
at H =1 T coincides with x measured at H =35 T above
6 = 60°. However, for 6 < 30°, a clear difference appears.
This comes from the fact that H = 1 T belongs to the low-field
phase A below H* and 5 T belongs to the high-field spin-flop
phase B above H*. The 6 dependence of x at T = 18 K is
similar to that at 7 = 10 K. In the bc plane, a difference of x
between H = 1 and 5 T exists in all the 6 regions, but in the
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FIG. 7. (Color online) 6 dependence of y of CeRu,Alyq in the
ab, bc, and ca planes at (a) T = 10 and 30 K and at (b) T = 18 K.
At T = 10 and 18 K, the results measured y at H =1 and 5 T are
shown. In the figure (b), a peak height of d M /d H shown in Fig. 3(b)
is also drawn by the symbol #. The definition of 6 is shown in Fig. 13.

ca plane, it does not exist at least for 6 > 60°. In the ab plane,
H = 5T belongs to the low-field phase A independent of 6. x
measured at H = 1 T coincides with thatat H = 5 T, although
they are not shown here. This indicates that M increases in
proportion to H at least up to 5 T in the ab plane.

Figure 8 shows the longitudinal magnetostriction (Al/l)
for H || a, b, and ¢ axes. Al/l along the b axis is almost
independent of H up to 14.5 T. That along the a axis shows a
large magnetic field dependence and a usual H> dependence up
to 14.5 T. That along the ¢ axis is almost independent of H up
to H*, but after showing a small elongation at H*, increases in

tained in the thermal expansion.” The H? dependence is larger
for H || a than for H || ¢, which is expected from the larger
magnitude of the magnetization for H || a than for H || c.
From the results shown in the Appendix, Sec. 3, we obtained
the magnetic phase diagrams of CeRu, Al shownin Figs. 9(a)
and 9(b) for several 0 values and the 6 dependence of H* at
T = 10, 16, 20, and 25 K in the ca plane, respectively. The
results at three temperatures of 10, 16, and 20 K are similar to
each other apart from the results for & = 70°, which originates
from the parallel shift of the phase boundary between A and
B. With increasing 6 from the ¢ axis, H* increases and the
increasing rate is much larger above 8 = 60° than below 45°.
As is seen, in the result for 8 = 70° in Fig. 9(a), while the
A-B phase boundary could be seen at the temperatures close
to Tp, that below 20 K is not seen because it is far above 15 T.
Figures 10(a) and 10(b) show the 7 and H dependence of
the Hall resistivity py, respectively. The electrical current flows
along the b axis and the magnetic field is applied along the ¢
axis. The Hall current flows in the ab plane. The T dependence
shows a kink at 7y, which becomes clearer with increasing

CeRU.Al a-axis magnetic field. At higher magnetic fields, py exhibits a broad
27710 T=1.5K maximum at several Kelvins. As for the H dependence, py
6 shows roughly an H -linear behavior above ~10 K. At 15 and
Al/E3x10 20 K, a small anomaly is seen at H*. At 1.5 K, an oscillation
/ c-axis
N 5 120 : . . 120 : :
~ M// T_gg}éK H=145T CeRuAl,, CeRu Al T=15K
: 100 ™ Hic, b h
16K Hilc, Il/b »
/ 10K .80 T=10K a
/ 1.5K £
b He b-axis < 40 N
I I IT=1.5K 20 |
0 5 10 15 0 (b)
H(T) 15
T(K) H(T)
FIG. 8. (Color online) Longitudinal magnetostriction of

CeRu, Al along the three crystal axes. Along the ¢ axis, the results
at several temperatures between 1.5 and 30 K are shown. The arrow
for H || c indicates H*.

FIG. 10. (Color online) Hall resistivity of CeRu,Al;o measured
under the magnetic field along the ¢ axis. Hall current flows in the ab
plane.
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is observed. Although the periodicity of the oscillation is not
simply proportional to 1/H, this could be due to a quantum
oscillation indicating the existence of the Fermi surface in the
ground state. The SdH oscillation was observed in a high-field
magnetoresistance.'” A small anomaly at H* indicates that the
effect on the Fermi surface by the spin-flop transition at H* is
small.

IV. DISCUSSION

First, we discuss the magnetic anisotropy of NdOs;Alyg.
Previously, we reported the magnetic susceptibility, thermal
expansion, and specific heat of NdT,Alyo.2*** The results
of the magnetic susceptibility and specific heat indicate a
small CEF splitting in NdT,Al;o. The overall CEF splitting
is estimated to be about 200 K and the first excited doublet
is expected to be located about 80 K above the CEF ground
state. The small lattice distortion below Ty indicates a small
coupling between the orbital moment of Nd ion and the lattice,
which is consistent with the small CEF splitting. The existence
of the first CEF excited state should be associated with a small
Xp in the paramagnetic region with a shoulder at ~25 K and a
small M, at low temperatures. marm || a expected from the T
dependence of x,, x», and x. below Ty is consistent with the
largest magnitude of M,. For H || a, the magnetization curve
shows not a spin-flop transition, but a direct transition from
the AFM state with mapm || a to the paramagnetic region at
H_. This transition is that of the second order, and in the AFM
state, the magnitude of m spy parallel to H is enhanced and that
antiparallel to H is suppressed, which induces a continuous
increase of the uniform magnetization along H. Such an
increase of M takes place as the temperature is finite. At 7 = 0
K, the magnetization curve should show the first-order phase
transition like a spin-flop transition below H. The smooth 6
dependence of M at T = 1.4 K when the applied magnetic
field is rotated in three planes and also a smooth 6 dependence
of H, means that the magnetic anisotropy in the AFM ordered
state is not so strong. When the magnetic field is rotated from
the a axis in the bc and ca planes, the magnetic moment
contains both the parallel and perpendicular components and
their weight changes continuously. In a 6 region close to the
a axis, the parallel component is large and the perpendicular
one is small. In a 6 region close to the b and ¢ axes, the former
is small and the latter is large. The preliminary mean-field
calculation assuming the isotropic AFM exchange interaction
and the two-sublattice AFM magnet could reproduce the
characteristic behaviors of the magnetization at 7 > 1.4 K
quite well.>> Below 1 K, a spin-flop transition to the AFM
state with mapy || ¢ is obtained below H. by the mean-field
calculation. Thus, the magnetic anisotropy of Nd7T,Al;q is
normally explained as a normal localized magnetic system.

Next, we discuss the coupling between the orbital moment
of the Ce ion and the lattice in CeRu,Al;g. The anomaly is
observed at H* in the longitudinal magnetostriction along
the ¢ axis. This should originate from the reorientation of
mapm from the ¢ axis. It is now known that at H*, a spin-flop
transition from mapy || ¢ to mapm || b takes place from the
results of our 27 Al NMR.3! If the coupling between the orbital
moment of the Ce ion and the lattice is strong, a large
lattice distortion is expected to appear at H*. However, the
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observed anomaly at H* is very small. It is noted that in CeBg
with Ty = 2.3 K and NdBg with Ty = 8 K, the magnitude
of the lattice distortion below Ty is of the order of 1073
and 107*, respectively.’®3” These results indicate the small
orbital-lattice coupling in CeRu,Alyg. On the other hand, x of
CeT, Al exhibits a large anisotropy at high temperatures.
Generally, this leads to a large CEF splitting and a large
orbital-lattice coupling. However, this is not consistent with
the present results of the magnetostriction. Then, we expect
that a large CEF splitting in CeT ', Al;o could not be ascribed to
the usual Coulomb interaction, but the c- f hybridization plays
an important role. The general concept that a small coupling
between the orbital moment of the rare-earth ion and the lattice
leads to a small CEF splitting is not applicable to CeT,Alj
among the series of Ln7T;Al;y (Ln = rare-earth element). The
relation between the small orbital-lattice coupling and the large
CEF splitting should be examined in the future.

Now, we discuss the 6 dependence of y of CeRuyAljj in
the ab, bc, and ca planes. Both below and above Ty, x shows
a smooth cos 6-like 6 dependence in all the planes as shown
in Fig. 7. A smooth 6 dependence of x below Ty indicates
that there does not exist a large magnetic anisotropy which
fixes the magnetic moment tightly along a specific crystal
axis in the ordered state. This is consistent with a small
lattice distortion at H*, and also suggests that although the
anisotropic AFM exchange interaction along the ¢ axis should
be largest considering mapy || ¢ at H = 0, it is not strong
enough to fix mapy along the ¢ axis tightly. In the Appendix,
Sec. 4, we discuss the relation between the 8 dependence of
H* and the direction of mapy in the bc and ca planes and
conclude that at H*, a spin-flop transition from mapy || ¢
to mapm || b takes place. The fact that mapy || b is realized
above H* around H | c is unexpected from the relation of
Xa > Xc > X» in the paramagnetic region. This indicates that
a quite unusual magnetic anisotropy exists in Ce7 ,Alg, which
is different from the normal case in Nd7; Al;g. We propose the
importance of the anisotropic c- f hybridization as the origin of
the unusual magnetic anisotropy in CeT';Alo. Recently, from
the high-field magnetization curves of CeT;Al;(, Kondo et al.
concluded that the AFM order is accompanied with a Kondo
singlet character, and as the origin of mapm || ¢ at H = 0, they
proposed that the largest c- f hybridization along the a axis
makes it difficult for the magnetic moment to be induced along
the a axis and forces m apv parallel to the ¢ axis in place of the a
axis expected from the relation of x, > x. in the paramagnetic
region.?? The present conclusion of mapy || b above H* for
H || ¢ could be also explained by the strong c- f hybridization
along the a axis. That is, mapy is difficult to align along the
a axis and could rotate only in the bc plane. The reason why
mapMm || ¢ is realized at H = 0 is that M), is extremely small,
but above H*, the Zeeman energy gain by x, is dominant,
which leads to magy || b.

Figures 11(a) and 11(b) show the speculated 6 dependence
of H* in the ca plane and H! together with H* in the ab, bc,
and ca planes, respectively. Considering that there exists H*
for H || c at ~4 T and H™ for H || a at ~40 T and a strong
increase of H* for 6 > 70°, H* is expected to be continued to
H" for H || a as shown by a dashed line in Fig. 11(a). Thus,
we conjecture that the phase Il for H || a is the phase B for
H || ¢.'>?° The 6 dependence of H/ is expected to be similar to
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FIG. 11. (Color online) Schematic picture of the speculated 6
dependence of (a) H* in the ca plane in CeRu,Al;y and (b) H”c and
H' in the ab, bc, and ca planes. Around H || b, no transition except
HY is expected.

that of NdOs; Al;o shown in Figs. 14(a2)—14(c2) apart from the
different magnitude of H.. The difference between CeT,Al;q
and NdT', Al is the existence or nonexistence of the transition
at H*. For H || a, a spin canting magnetization process with
marm || ¢ should be realized at least up to ™. In both phases
of A and B, the spin configuration with mapy L H is expected
to be realized. In the A phase, mapy || cisrealized and in the B
phase, we conjecture that mapy || b is realized. The high-field
magnetization for H || a, the concave H dependence is seen in
the A phase and a rapid increase in the B phase. This suggests
that it is difficult to induce the magnetization along the a axis
when m gy is located in the ca plane and easily induced when
mapm 1S located in the ab plane. We propose that this may be
because the spin-singlet component is larger in the ca plane
than in the ab plane. The transition to the B phase at 40 T
may be ascribed to the dominant contribution of the Zeeman
interaction.

Finally, we discuss the different 7' dependence of H* in the
magnetic phase diagram for H || ¢ between CeRu,Al; and
CeOs, Al shown in Fig. 1(b). The magnitude of H* reflects
the strength of the magnetic anisotropy along the ¢ axis. Then,
a roughly twice larger H* in CeOs;Al; than in CeRu,Alg
means that the magnetic anisotropy is larger in CeOs; Al than
in CeRu,Alyg. However, this contradicts with the fact that the
Ceionin CeOs,Alj is closer to the valence fluctuation regime
than in CeRuyAl;p, and the ordered moment is smaller in the
former than in the latter. Furthermore, the 7 dependence of H*
is different between these two compounds. First, we consider
the reason why H* is higher in CeOs,Alj( than in CeRu, Aljy.
X» exhibits a continuous decrease with decreasing temperature
down to T in the paramagnetic region in CeOs;Al)g, different
from nearly a constant x; below ~50 K in CeRu,Al; as
shown in Figs. 2 and 5. This indicates that in CeOs;Al;, the
c- f hybridization effect exists not only in the ca plane, but
along the b axis from the high-temperature region above Ty
and the latter makes mapy difficult to be aligned along the
b axis. This could lead to the higher H* in CeOs;Al;y than
in CeRuyAljy. The magnitude of H* might be determined by
the competition between the three interactions, i.e., the c-f
hybridization, AFM exchange, and Zeeman interactions. As
the origin of the different 7 dependence of H* in CeT,Al;o, we
propose the following explanation. There exists the apparent
difference in the T dependence of x. between CeRu,Al;q
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and CeOs,Aljp. In the former, x. increases with decreasing
temperature, but in the latter, a decrease of . exists already
below Thax ~ 40 K. Kondo et al. ascribed the origin of this
decrease to the spin-singlet formation, which begins to appear
below Tpax.2’ Then, it is natural to ascribe the origin of
the unusual T dependence of H* in CeOs,Aljq to the spin
singlet, which appears below Tj,,x. The weight of the singlet
component below Tj is larger in CeOs; Al than in CeRu, Alj,
atleast around Tj. The ratio between the singlet component and
the AFM component is expected to change with temperature.
In CeOs,Aly, at Ty, the singlet component already grows up
because it appears below Tp,x. Then, itis difficult to induce the
magnetic moment along the magnetic field, which makes H*
higher. When the temperature is lowered enough below Ty, the
relative weight of the AFM component increases. This leads to
alower H* at low temperatures than that at high temperatures.
Thus, the unusual 7 dependence of H* of CeOs,Al;y could
be explained by the existence of the singlet formed below
Tmax- On the other hand, in CeRu,Al)g, the singlet and the
AFM component appear nearly at the same time at 7y, and the
nearly same 7" dependence of the singlet and AFM components
is expected below Tj. This does not induce the unusual T
dependence of H* as in CeOs,Al;p. We conjecture that when
the pressure is applied to CeRu,Aljg, H* is increased and the
T dependence of H* of this compound around 7; becomes
similar to that of CeOs,Aly.

V. SUMMARY

We studied the applied magnetic field direction (€) depen-
dence of the magnetic and transport properties of CeT,Alj
(T = Ru, Os) in the ab, bc, and ca planes focusing on the
magnetic anisotropy in the ordered state and also studied the
magnetization of NdOs,Al;q as a reference of CeT,Aljp. In
NdOs;,Aljy, the easy magnetization axis in the AFM ordered
phase is along the a axis, which is consistent with the relation
of xo > xc > x» and the 6 dependence of M and H. in
all the planes shows a continuous cos 6-like behavior. These
results of NdOs,Al;o could be understood as a well-localized
system with a normal magnetic anisotropy in the AFM state.
In CeT ,Al;p, the magnetic susceptibility in the ab, bc, and ca
planes exhibits a smooth cos -like 6 dependence both in the
ordered state and in the paramagnetic region. This indicates
that mapym at H = 0 is not tightly fixed along the ¢ axis by the
anisotropic AFM exchange interaction along the ¢ axis and
also a coupling between the orbital moment of the Ce ion and
the lattice is small, which is supported by a small anomaly of
the magnetostriction at H*. The 6 dependence of H* ~4 T
of CeRuyAljg in the bc and ca planes strongly supports the
unexpected occurrence of a spin-flop transition from Mapm || ¢
to b at H*, which was recently proposed by our 2’ Al NMR
studies. From the 6 dependence of H* in the ca plane, which
increases rapidly for 6 > 70°, we propose that the phase II
observed in a high-field magnetization a little below H/ for
H || a is the spin-flop phase B with mapy || b for H || c. H*
in CeOs,Al;g is about twice larger than that in CeRu,Alyg.
In CeOs, Alyg, H* increases when the temperature approaches
to Tp from the low-temperature side and in CeRuyAlyy, it is
suppressed. As the origin of the different behavior of H* in
these two compounds, we propose that the relative weight
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FIG. 12. (Color online) Crystal structure of Ln7,Al,y. Large
closed circle and white circle mean Ln and 7 atoms, respectively.
Small five circles (orange, yellow, blue, green, and red) mean All,
Al2, Al3, Al4, and AlS atoms, respectively. The distances between
two Ce atoms for several bonds for CeRu, Al are shown in the figure.

of the singlet component against the AFM component in
the ordered state close to Ty and also the c-f hybridization
along the b axis are larger in CeOs,Alo than in CeRu,Aly.
We conclude that the anisotropic c- f hybridization is highly
associated with the origin of the unusual magnetic anisotropy
in CCT2A110.

APPENDIX

1. Crystal structure of LnT;Aly

The crystal structure of LnT'3A ¢ is shown in Fig. 12. The T
and nearest five Al atoms are connected by tubes because these
bonds are stronger than the others.’* The distances between
two Ce atoms for several bonds are shown in the figure. The
shortest distance is 5.26 A, which forms a zigzag chain along
the ¢ axis in the bc plane.

2. Magnetization of NdT',Al,, at low temperatures

Figures 13(a)-13(c) show the magnetization curve of
NdOs,Aljgat T = 1.4 K, where the magnetic field is rotated in
the a, b, and ¢ axes, respectively. The definition of 8 is shown in
Fig. 13. In the ab, bc, and ca planes, 6 is the angle between the
magnetic field and the ab, bc, and ca planes, respectively.
The magnetization curves, the temperature (7') dependence of
the magnetic susceptibilities, and magnetic phase diagrams
along the three crystal axes were already reported in our
previous paper and the Néel temperature Ty is 2.2 K.?* The
concave H dependence is observed for H || a and the H-linear
behavior is observed for H || b and c¢. From these results
and also the T dependence of the magnetic susceptibilities
along the three crystal axes, the AFM order with mapm || a
is expected to be realized. The magnetization for H || a (M,)
shows a concave H dependence up to H. = 2.2 T and shows a
shoulder at H ~ 4 T and a saturated behavior above 5 T. Here,
H. is a critical field from the AFM state to the paramagnetic
region. With increasing 6 in the ca plane, the concave H
dependence below H. becomes less pronounced and H.
increases. For H || ¢, M. shows an H-linear behavior up to
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FIG. 13. (Color online) Magnetization curve of NdOs,Al;, at
T = 1.4Kin (a) ab plane, (b) bc plane, and (c) ca plane. The 6 is the
angle between the applied magnetic field and the crystal axis in each
plane. The arrow indicates the transition field to the paramagnetic
region H..

H. = 4.3 T, and above 6 T, a saturated behavior is observed.
The magnetization curve does not show any discontinuous
change as a function of 6. In the bc plane, all the results show an
H -linear behavior up to H.. This indicates that the spin canting
magnetization process is always realized in the bc plane, which
is expected from mapy || @ in the AFM magnetic ordered
state. In the ab and ca planes, the concave H dependence
becomes less pronounced and H, increases with increasing 6.
The variation accompanied with an increase of 6 is continuous.

Figures 14(al)-14(cl) show the the 6 dependence of M
at H="7T in the ab, bc, and ca planes, respectively. The
results at H =7 T belong to the paramagnetic region. We
note that in the ca plane, the values extrapolated to H =7 T
from the low-field results for & = 30, 45, and 60° because the
measurements were performed only up to 6 T. In all the planes,
M shows a smooth continuous 6 dependence as expected in
the paramagnetic region. Figures 14(a2)-14(c2) show the 6
dependence of H, in the ab, bc, and ca planes, respectively.
H. also shows a smooth continuous € dependence in all the
planes. This means that the AFM state with mapy || @ changes
continuously to the spin canting state withmagy || a for H || b
and c.

3. 0 dependence of the magnetoresistance of
CeRu,Aly in the ca and bc planes

Figures 15(a)-15(d) show the magnetoresistance of
CeRu,Al g measured at various 6 values at T = 10, 16, 20,
and 25 K, respectively. It is normalized by p at H = 0. The
electrical current flows along the a axis and the magnetic field
is rotated in the ca plane. 0 is the angle from the c axis in the ca
plane, as is shown in the inset of Fig. 15(d). The anomaly at H*
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FIG. 14. (Color online) The 6 dependence of (a) the magnetization at H = 7 T and (b) the critical field (H,) to the paramagnetic region of
NdOs, Al in the ab, bc, and ca planes at T = 1.4 K. The definition of 6 is shown in Fig. 13. For the ca plane, the extrapolated values which
are obtained from the low-field data up to 6 T in Fig. 13(c) are plotted. The solid lines are the guide to the eyes.

at low temperatures below 10 K is less pronounced than that
above 15 K. For 6 = 30°, a discontinuous change is observed
at H* ~ 5 T. With increasing the 6 value, the anomaly of

2.0 T T T T T T T 1.3
H: ca-plane 0=30deg
18 : ca-plal i
45deg 12+

T T T T T
06=30deg

60deg |
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FIG. 15. (Color online) Magnetoresistance of CeRu,Al;, at (a)
T =10 K, (b) 16 K, (¢) 20 K, and (d) 25 K measured under the
various magnetic field directions in the ca plane. p in magnetic field
is normalized by p at H = 0. The electrical current flows along the
a axis. 6 is the angle from the ¢ axis in the ca plane as shown in
Fig. 15(d). The arrow indicates the transition at H*.

p at H* becomes broader and H* increases. It is difficult to
recognize for & > 70°. However, at T = 25K, H* is seen even
for & = 70° because 25 K is close to Tj.

Figures 16(a) and 16(b) show the 6 dependence of the
transverse magnetoresistance of CeRuyAljy at 7 = 30 and
20 K, respectively. The magnetic field is rotated in the ca
plane and the electrical resistivity is normalized by the value
for 6 =90°. At each temperature, the measurements were
performed at H =5, 8, and 14.5 T. The electrical current
flows along the b axis and the magnetic field is applied in the

1.3H(@) T=80 K a, H 1 q3Hb)T=20K 1457l
CeRu,Al;, CeRu,Al, 5
I//b 0 I//b
1.2} ol 12f ]
b
1.1F 45T 4 qf | I
2 B
RN e — RS e—— —
S 8T1 & 11L l | 8TH
1.0 T— ——— 1.0 T— T—
14L 5T1 44t . | 5T
H// Hil/ H//
a N a Hi/a Hil Hi/a
1.0 ; ‘ ‘ ; 1.0 ‘ ‘ ‘ ‘
90 60 -30 0O 30 60 9 -90 60 -30 O 30 60 90
0 (deg) 0 (deg)

FIG. 16. (Color online) € dependence of the transverse magne-
toresistance of CeRu,Al; in the ca plane at (a) 7 =30 K and
(b) 20 K. In both cases, the measurements were performed in the
magnetic fields of 5, 8, and 14.5 T. The electrical current flows along
the b axis. 0 is the angle from the ¢ axis in the ca plane. The arrow in
the figure (b) corresponds to the transition between A and B phases.
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FIG. 17. (Color online) (a) Magnetoresistance of CeRu,Al; at
T = 20 K at various magnetic field directions. The electrical current
flows along the ¢ axis. 6 is the angle from the b axis in the bc plane.
(b) 6 dependence of H* in the bc plane.

ca plane. At T = 30 K in the paramagnetic region, o shows
a cos 0-like 0 dependence and its amplitude is larger at higher
magnetic fields as usual. This is consistent with the results of
the magnetic susceptibility shown in Fig. 2(a). At T = 20 K,
the discontinuous anomaly is seen at the angle denoted by an
arrow. This corresponds to the discontinuous change of p at
H* shown in Fig. 15. We call this angle as 8*. 6* increases with
increasing magnetic field. At H = 14.5 T, 8* is 70°, which is
consistent with the results in Fig. 15. The 6 dependence of p
for& < 6*issmallat H = 5T and pronouncedat H = 14.5T.
Figure 17(a) shows the magnetoresistance of CeRu, Al at
T = 20 K. The electrical current flows along the ¢ axis and the
magnetic field is rotated in the bc plane. 0 is the angle from the
b axis in the bc plane. The results are very different from those
in the ca plane. The anomaly at H* is rapidly smeared out
with decreasing 0 from H || ¢. For & = 45°, a discontinuous
change is not clearly seen at H*, while it is seen for 6 = 60°.
The anomaly at H* is rapidly smeared out and is not seen
at 8 = 60°. Figure 17(b) shows the 6 dependence of H* at
T = 20 K, which is very different from that in the ca plane.

4. Spin-flop transition at H* in CeT;Aly

Here, we discuss that the 6 dependence of x and p are not
consistent with a spin-flop transition from mapy || c tomapm ||
a,but are consistent with that frommagy || ctomagwm || b. This
indicates the existence of a quite unusual magnetic anisotropy
in CeT,Alg. This is very different from the normal magnetic
anisotropy in Nd7';Aljy. When the spin-flop transition takes
place at H*, two kinds of the configuration of m gy could be
considered above H*. One is that magy || a and the other is
marm || b above H*, which are shown in the cases (I) and (II)
in Fig. 18, respectively. When H is rotated in the ab plane, the
spin canting magnetization process with mapy || ¢ is expected
to be always realized independent of 6 from the fact that
mapMm || ¢ is realized at low magnetic fields for H || a and b.
This leads to no anomaly in the 6 dependence of x and p in the
ab plane at low magnetic fields, although they are not shown in
this paper. First, we consider the case (I). This case is expected
from the relation of x, > x. > xp in the paramagnetic region.
For H || a and b, the spin canting magnetization process with
marMm || ¢ is realized. Here, we consider the case where H is
rotated in the ca plane above H*, which is shown in Fig. 18(a).
In this case, mapy is expected to be always perpendicular to H
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FIG. 18. (Color online) Schematic pictures of mapv When H is
rotated in the (a) ca and (b) bc planes, respectively. Only the AFM
magnetic components are shown by the antiparallel arrows and the
uniform component along the magnetic field is not shown. The left
picture is for H < H* and the right three ones are for H > H*. The
configuration for the intermediate magnetic field direction in the bc
plane, which is shown in the middle of figure (b) for H > H*, is
unphysical if m apy is rotated continuously when H is rotated in the
bc plane.

independent of 6 and the direction of m apy changes from the a
to ¢ axis continuously with increasing 6. This contradicts with
the experimental results at H =5 T where a discontinuous
transition takes place at & ~ 50° as shown in Fig. 9(b). Next,
we consider the case where H is rotated in the bc plane
above H*. When H || ¢ and b, mapy is parallel to the a and
c axes, respectively. When H is rotated in the bc plane, a
discontinuous transition should take place in the intermediate
0 region as shown in Fig. 18(b). However, the experimental
results show that there does not exist such a transition in the bc
plane. Thus, a spin-flop transition where m apy changes from
the ¢ to the a axis takes place at H* is not consistent with
the observed 6 dependence of H*. Next, we consider the case
(II) in Fig. 18 where magy || b is realized above H*. When
H is rotated in the ca plane, a discontinuous transition should
take place in the intermediate 6 region because mapy || b for
H || ¢ and mapy || ¢ for H || a as shown in Fig. 18(c). When
H is rotated in the bc plane, mapy is always perpendicular
to H independent of 6, and the direction of mapy changes
from the b to ¢ axis continuously. These are consistent with
the observed 6 dependence of H* and are consistent with the
results of our 27 Al NMR experiments.>!
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