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Electronic structure and localized lanthanide character of Ln7,Al,, (T = Ru, Os)
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The high-energy synchrotron x-ray powder diffraction experiments of LaRu, Al were carried out to clarify
the charge-density distribution, which is derived by the maximum entropy method/Rietveld technique. The
results indicate that the charge density between Ru and surrounding Al atoms is large, but that between La
and surrounding Al atoms is small. We propose that the Ru-Al;y polyhedron is the fundamental component
of the crystal and the two-dimensional layer is constructed by these polyhedra in the ac plane and is stacked
along the b axis by way of the Al5 atom. The Ln ion is located inside the crevice formed by the surrounding
Ru-Al, polyhedra and behaves as a nearly free ion. We studied the thermal and magnetic properties of Nd7', Al
(T =Ru, Os), which exhibits the antiferromagnetic order at Ty = 2.4 and 2.2 K for T = Ru and Os, respectively.
We observed a small lattice distortion below Ty, which indicates the small coupling between the orbital moment
of the Nd ion and the lattice. The results of the magnetic susceptibility indicate the small crystalline electric field
effect. These results mean that the Nd ion behaves as a nearly free ion, which is supported by the results of the

charge-density distribution of LaRu,Alyy.
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I. INTRODUCTION

Ce-based compounds have been studied extensively due
to the interesting phenomena originating from the strong
electron-electron correlation. The Kondo semiconductor is one
of the systems with such an interesting physics. Recently,
CeT;,Alyy (T =Ru, Os, Fe), which is categorized into the
Kondo semiconductor, have attracted much attention because
of the unusual long-range order in CeRu, Al and CeOs,Alyg.
LnT, Al crystallizes into the orthorhombic YbFe,Al;(-type
structure.!2 Among this series of compounds, CeT,Alj
(T =Ru, Os, Fe) have been studied extensively.>’ Strydom
reported the macroscopic properties of CeRu,Aljy and pro-
posed the antiferromagnetic (AFM) order at 27 K.> Muro et al.
reported the physical properties of CeFe;Al;o, which do not
show the magnetic order down to low temperature.* From the
results of the electrical resistivity, CeT, Al is categorized into
a Kondo semiconductor. The detailed studies on this system
using the single crystals were performed by Nishioka et al.’
Although the shortest distance between Ce ions is as large as
5.2 A, the transition temperature Ty is extremely high, 27.3 and
28.7 K in CeRu, Al and CeOs;,Al;g, respectively. These are
much higher than 7y = 16 Kiin GdRu, Al Considering that
the magnetic order of GdRu, Al is understood by the usual
exchange interaction, the origin of the transition in CeT ;Alj¢ is
expected to be different from that in GdRu,Al,. Tanida et al.
proposed the long-range order with a singlet ground state,’
which was consistent with the inelastic neutron scattering
results that a spin gap with a large excitation energy of 8 meV
was observed in the ordered state in CeRu,Al;o.'* The spin
gap was also observed in CeOs;Alj.'® However, soon after,
the neutron scattering experiments of CeRu, Al revealed that
the AFM order with a small antiferromagnetic moment (map)
of 0.42 1 /Ce parallel to the ¢ axis takes place below Tj.!>20-2
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This AFM order is quite mysterious because 7y is too high for
the small ordered moment and m ar || ¢ below Ty is not simply
expected from x, > x. > ¥, in the paramagnetic region.>!%13
Here, x, means the magnetic susceptibility y along the a axis,
etc. Very large pressure effect on CeT,Aljy was revealed by
Nishioka et al.’ By applying pressure to CeRu,Aly, the phys-
ical properties easily change from the nearly localized nature
in CeRuyAljy to a valence fluctuation regime in CeFe,Al).
CeOs;Alyy is located just between the above two compounds.
This indicates that, although a distance between Ce ions is
large, the c- f hybridization effect should play an important
role in the unusual long-range order. It should be noted that
the unusual increase of Tj of CeRu, Al by applying pressure,
which is different from the suppression of the transition
temperature by pressure observed in a usual Kondo compound.
As for the electronic structure of CeRu,Al;y, we proposed
two-dimensional nature in the ac plane, which is stacked along
the b axis through Al5 atoms from the comparison between the
lattice constants between CeRu, Al ¢ and CeFe, Al and the
anisotropic transport properties.'? Very recently, Kimura et al.
reported the optical conductivity of CeOs;Al;o and proposed
that the charge-density wave transition along the b axis appears
at ~40 K and the magnetic order at Ty = 29 K is driven by the
electronic instability.”” Quite recently, Kondo et al. reported
the high-field magnetization of CeOs,Al;y and proposed that
the spin gap accompanied with a singlet ground state begins
to appear at ~40 K, where the charge gap appears at the
same time and the singlet component coexists with the AFM
moment in the ordered state and the strong coupling between
spin and charge degrees of freedom of electron is essential in
the mysterious transition in CeT» Al

Although the extensive studies on the CeT,Al;y system
have been performed, as for the physical properties of other
LnT,Al;yp compounds, little has been known; we note that
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the magnetic susceptibilities of LnFe,Al;o polycrystals have
been studied systematically.! It is important to investigate
the electronic state of this series of compounds. Especially,
the information on the anisotropy of the charge-density
distribution of the constituent atoms is important to clarify
how the bonding is between atoms in the crystal structure and
how the circumstances are of the Ln atom. Recently developed
maximum entropy method (MEM)/Rietveld technique, which
is a combination of MEM and Rietveld refinement, could
successfully derive the charge-density distribution of many
compounds from which the information on the electronic
structure could be derived.”®° Although, in a metallic
compound, the information on the conduction electron could
not be derived by the MEM/Rietveld analysis, the information
on the anisotropic bonding by means of the inner core electrons
could be derived. In this paper, we performed the high-
energy synchrotron x-ray powder diffraction of LaRu, Al and
derived the charge-density distribution by the MEM/Rietveld
technique.

It is also important to investigate the physical properties of
NdT;Al,p, which is considered as a well-localized compound
as a reference magnetic compound for CeT,Aly, and by
comparing the results with those of CeT, Al with much higher
transition temperatures, the information on the origin of the un-
usual long-range order in CeT,Al;( could be derived. In order
to obtain the information on the Nd ion in Nd7>Al;o (T =Ru,
Os), we studied their magnetic and thermal properties.

II. EXPERIMENT

The single crystals of Nd7,Al;p (T =Ru, Os) were pre-
pared by an Al flux method. To accurately determine the
crystal structure, particularly at the electron charge-density
levels, it is essential to collect accurate Bragg intensity data.
For this purpose, a high-energy synchrotron powder diffraction
experiment at 7 = 300 K was carried out 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(4) A were used as
incident x rays. After grinding LaRu,Al;o powder in an agate
mortar, the homogeneous granularity of the sample powder,
which gave a homogeneous intensity distribution in the
Debye-Sherrer powder ring, was achieved by the precipitation
method. The LaRu,Al;y powder was sealed in a borosilicate
capillary of 0.1 mm internal diameter for diffraction mea-
surement. The electron-density distribution was determined
by the MEM/Rietveld method. The magnetic susceptibility of
NdT;Al;p was measured by SQUID magnetometer Quantum
Design Magnetic Property Measurement System (MPMS).
The magnetization of Nd7,Al;y at low temperatures was
measured by the extraction method up to H = 10 T. The
thermal expansion of NdOs,Al;y was measured by a three-
terminal capacitance method at low temperatures.

III. EXPERIMENTAL RESULTS

A. Structure refinements and charge-density
distribution of LaRu,Al;,

The powder diffraction pattern of LaRu, Al was analyzed
by the Rietveld method for the data in 26 < 74.5° (d >
0.55 A). The results of the profile fitting for the data of
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FIG. 1. (Color online) Result of the Rietveld refinement of
LaRu,Alyy. The reliability factors Ry, =3.874%, R; = 1.864%, and
Rr=1.163%. The deviation between the observed intensity and
calculation is drawn at the bottom of figure with the indications of
peak position. A closeup in the high-angle region is depicted in the
inset.

LaRu;Aljp at T =300 K are shown in Fig. 1. The space
group is Cmcm. The fitting was successfully done even at the
high-angle region as shown in the inset of Fig. 1. The obtained
reliability factors based on the weighted profile Ry, integrated
intensity R;, and structure factor Rr were 3.874%, 1.864%,
and 1.163%, respectively. The crystal-structure parameters
refined by the Rietveld analysis are listed in Table 1. The
1471 independent observed structure factors extracted by the
Rietveld analysis were used in the MEM analysis.

The selected interatomic distances in the structure of
LaRu, Al are listed in Table II. The distance between La and
other atoms is large, which is typically ~3.2 A. On the other
hand, those between Ru and other atoms are small, which
is typli&cally ~2.6 A. Those between Al atoms are typically
~2.8 A.

The MEM analysis of LaRu,Al;y was carried out with the
unit cell divided into 92 x 92 x 92 pixels. The volume of
one pixel corresponds to approximately 0.1 x 0.1 x 0.1 A3,
The three-dimensional (3D) charge-density distribution of
LaRu;Alj at 300 K is shown in Fig. 2. The equi-electron-
density surface level is 0.3¢ A~3, although the information
on the conduction electron could not be obtained. However,
the information on the anisotropic charge density between
constituent atoms could be obtained from the present results.
It is easily found that the charge density between Ru and AlS5

TABLEI. Atomic coordinates (x, y, z) and isotropic displacement
parameter U of LaRu, Al at 300 K refined by the Rietveld analysis.
Space group is Cmcm (No. 63). The orthorhombic lattice parameters
are a =9.15452(3) A, b =10.29964(4) A, and ¢ =9.21471(3) A.

Atom  Site x y z U x 10?2 (A?)
La  4c 0 0.12304(5) 0.5 0.67(1)
Ru 8d 0.25 0.25 0 0.66(1)
All 8g 0.2259(2) 0.3640(2) 0.25 0.86(4)
AR 8¢ 035142) 0.12982) 0.5 0.95(4)
Al3 8f 0 0.1628(2) 0.6015(2) 0.92(5)
Al4 8f 0 0.3791(2) 0.0520(2) 1.24(4)
A5 8e  0.2286(2) 0 0 1.03(4)

115128-2



ELECTRONIC STRUCTURE AND LOCALIZED LANTHANIDE ...

TABLE II. Selected interatomic distances in the structure of
LaRu,Aly. Symmetry code: (i) x + 1/2,y +1/2,z; i) —x, — y, —
zy (i) x,y, —z+1/2;iv) —x + 1/2,y + 1/2, — 2+ 1/2; (V) —x +
1/2, =y +1/2, — z; (vi) —=x,y, — 2 + 1/2; (vii) —x, — y, — 2.

Bond Length (A) Bond Length (A)
La-All 3.231(2) All-Al2 2.672(3)
La-All 3.662(2) Al1-AIR2Y 2.827(3)
La-Al2 3.217(2) All-Al3Y 2.872(2)
La-Al3 3.264(2) All-Al4 2.762(2)
La-Al3' 3.247(2) All-Al5Y 2.7280(10)
La-Al4 3.207(2) Al2-Al3Y 2.880(2)
La-Al5 3.3604(10) Al2-Al4Y 3.099(2)
Al2-Al5 2.8906(2)
La-Ru 3.5007(2) Al3-Al4i 2.639(3)
Al3-Al5Y 2.840(2)
Ru-All 2.5952(8) Al4-AlS5Y 2.820(2)
Ru-Al2 2.7752(10) AIR2-A12Yi 2.722(2)
Ru-A13i 2.6304(8) Al3-Al3i 2.738(2)
Ru-Al4 2.6899(11) Al4-Al4Vi 2.668(3)
Ru-Al5 2.58235(12)

atoms is large and the La atom is isolated from the surrounding
Al and Ru atoms.

More detailed information is obtained from Figs. 3(a)-3(c),
which show the charge-density distribution projected on the
bc, ab, and ac planes, respectively. It is found that all the
atoms exhibit the anisotropic charge-density distribution, from
which the information on the anisotropic bonding between
the constituent atoms could be derived. In the bc plane, the
equicontour charge-density maps of the (400) and (100) planes
are shown. In the (400) plane on which Ru, All, and Al5 atoms
are located, it is clearly seen that the charge density between
Ru-AlS atoms along the b axis and that between Ru-Al1 atoms
along the c axis is large. It is also seen that the charge density
of Ru atom expands toward the Al2 atom. In the (100) plane on
which La, Al3, and Al4 atoms are located, the charge density
between La and the surrounding atoms is small. Thus, the
La atom is found to be isolated in the (100) plane. As for
the anisotropic charge-density distribution of Al atoms, the

FIG. 2. (Color online) Electron charge-density distribution of
LaRu,Al; at T =300 K. The equi-electron-density surface level in
the three-dimensional map is 0.3¢ A—>.
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FIG. 3. (Color online) Charge density of LaRu, Al in the (a) bc
plane, (b) ab plane, and (c) ac plane at T = 300 K. The upper figures
are the charge density projected on bc, ab, and ac planes, where
the equidensity surface at 0.3e A=3 is shown. Constituent atoms are
shown as a ball. The name of five Al atoms from All to AlS is
abbreviated from 1 to 5, respectively. The middle and lower ones are
those in specific planes indicated in the figures, where the contour
lines are drawn from 0.3¢ A=3 with 0.1¢ A= intervals.

following characteristics are observed. In the (400) plane, that
of the All atom is symmetric against the b axis and that of
the AlS atom is asymmetric against both b and ¢ axes. In
the (100) plane, Al3 and Al4 atoms are asymmetric against
both b and ¢ axes. The Al3 atom takes a squarelike charge-
density distribution, the vertex axes of which are deviated
from the b or ¢ axis. The vertex along the ¢ axis expands
toward the La atom and the nearest Al3 atom. The charge
density also expands toward the Al4 atom. Thus, a squarelike
charge-density distribution is rotated in the bc plane. This may
originate from the fact that the y coordinate of two Al3 atoms is
deviated from that of the La atom along the c axis such that the
y coordinate of the Al3 atomis 0.1628 and that of the La atom is
0.12304. This difference makes the charge-density distribution
of AlI3 atoms rotate in the bc plane so as to get the hybridization
energy gain between La, Al3, and Al4 atoms. Although the
charge-density distribution of the Al4 atom is rather isotropic,
it is seen that it expands toward the La, Al3, and nearest Al4
atoms. While both the Al3 and Al4 atoms look isolated in
the bc plane, there exists pmi, of ~0.3e A between the Ru-Al3
atoms and between the Ru-Al4 atoms as is seen in Fig. 4. In the
ab plane, the equicontour charge-density maps of (001) and
(004) planes are shown. The charge density between Ru-AlS
atoms along the b axis is large as in the bc plane. The charge
density of the Ru atom expands toward the Al5, Al4, and also
Al3 sites. As for the anisotropic charge-density distribution of
Al atoms, the following characteristics are observed. Those of
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FIG. 4. (Color online) Length dependence of the minimum
charge density between two different ions pp;, of LaRu,Al;,. Red
squares and blue circles indicate pp;, between Ru and Al and that
between La and Al, respectively.

the Al4 and AlS sites are symmetric against the b and a axes
in the (001) plane, respectively. In the (004) plane, those of
the All and Al2 sites are asymmetric against both a and b
axes. While the Al4 atom looks isolated in the (100) plane,
its charge density expands toward the Ru atom in the (001)
plane, which leads to the large charge density between Ru-Al4
atoms along the a axis. While the La atom looks isolated as
is seen in the (100) plane, it is seen in the (004) plane that
its charge density expands toward both sides of the Al2 atoms
along the a axis. The Al2 atom exhibits a modified squarelike
charge-density distribution, which expands toward the La and
Al2 atoms along the a axis and toward the All atom. The py,
between the Al2-La atoms is largest among those between La
and Al atoms and also pmi, between the Al2 atoms is largest
among those between the nearest Al sites. The ppi, between
the Al2 atoms is 0.28¢ A3, which is comparable with those
between the Ru-Al3 or Ru-Al2 atoms. The charge density of
the All atom is rather isotropic in the (004) plane. However,
it is seen that its charge density expands toward the La and
neighboring Al2 atoms. The charge density of the Al2 atom
is slightly asymmetric against the b axis, although it is much
less pronounced than that of the Al3 atom in the bc plane. The
asymmetric charge-density distribution of Al2 originates from
the deviation of the x and y coordinates from that of the La
atom. The y coordinates of the La and Al2 atoms are 0.12304
and 0.1298, respectively, which are smaller than the difference
of the y coordinates of the La and Al3 atoms in the bc plane.
In the ac plane, the equicontour charge-density maps of
(040) and (080) planes are shown. In the (040) plane, the
All atom exhibits a largely anisotropic charge density, which
expands toward the Ru atom along the ¢ axis, although the y
coordinate is deviated largely between the Ru and All atoms.
It is also seen that the charge density of the Ru atom expands
toward the Al3 atom, although it is small due to the large
deviation of the z coordinate between the Al3 and Ru atoms.
In the (080) plane, it is seen that the charge density of the
La atom expands toward the Al2 atom along the a axis and,
also, the large charge density exists between the nearest Al2
atoms as is seen in the (004) plane.. As for the anisotropic
charge-density distributions, those of the All and AI2 atoms
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are symmetric against the a axis. Those of the Al3 and Al4
atoms are symmetric against the ¢ axis. The former is because
the z coordinate (=0.25) of All and Al2 atoms is the same as
that of the La atom. The latter is because the x coordinate (=0)
of the AlI3 and Al4 atoms is the same as that of the La atom.

The minimum charge densities pmi, between the Ru and
nearest Al atoms and those between the La and nearest Al
atoms are shown in Fig. 4 as a function of their interatomic
distances. Generally, the shorter the interatomic distance, the
larger pmin. The pmin between Ru-Al atoms is large and that
between the La and Al atoms is small. Among pp,;, between
Ru-Al atoms, the largest ppin exists between Ru-All atoms
and also between Ru-Al5 atoms. The pg;, between Ru-Al4
atoms are intermediate. The pn,;, between Ru-Al2 atoms and
that between Ru-Al3 atoms are smallest. The former comes
from its largest bond length among the Ru-Al bondings. Also
in the La-Al bondings, there exists the same general tendency
that the shorter the interatomic distance, the larger ppmin. The
largest ppmin of 0.23e A3 exists between La-Al2 atoms and
the smallest one of 0.18¢ A~ between La-Al5 atoms and
between La-All atoms. Here, we note the interesting tendency
that the larger the charge density between Ru-Al atoms, the
smaller the charge density between La-Al atoms. The ppi,
between Ru-AlS atoms is largest among those between Ru-
five Al atoms, and that between La-Al5 atoms is smallest
among those between La-five Al atoms. This means that the
AlS5 atom is most largely affected by the Ru atom and the
effect from the La atom is smallest. The p,;, between Ru-Al2
atoms is smallest among those between Ru-five Al atoms and
that between La-Al2 atoms is largest among those between
La-five Al atoms. This means that the Al2 atom is most largely
affected by the La atom and the effect from the Ru atom is
smallest. The average of pnin between Ru-five Al atoms and
that between La-five Al atoms is nearly the same, which is
between 0.25~0.27e A~3.

B. Magnetic and thermal properties of Nd7>Aly (T = Ru, Os)

Figures 5(a) and 5(b) show the temperature (7") dependence
of x and x ~! of NdRu,Al;o and NdOs, Al measured at H = 1
T along the three crystal axes, respectively. Both compounds
show very similar behavior. x exhibits the relation of y, >
Xc > Xp in a wide range of temperature, which is the same as
that in CeT»Al;(.>'%13 Above ~100 K, a Curie-Weiss behavior
is observed. The effective Bohr magneton p.g obtained from
the result above ~100 K is ~3.65 ug/Nd, which is close
to the value expected from a free Nd ion. This suggests that
the overall CEF splitting is small. A pronounced hump is
observed at ~20 K along the b axis, which suggests that the
first excited CEF level is located at ~60 K above the CEF
ground state. Here, we note the characteristic 7 dependence
of x.. In NdRu,Al;p, although the relation of x, > x. > x»
remains up to 300 K, x. becomes close to x;, above ~200 K.
In NdOs,Aly, the same tendency is seen and, at ~230 K, x;
becomes larger than ..

Figures 6(a) and 6(b) show the T dependence of the
magnetization (M) along the a axis M, of NdRu,Al;(, and
NdOs,Aljj at low temperatures, respectively. M, measured
at H = 1 T shows a peak at 2.3 and 2.2 K in NdRu,Al;y and
NdOs;,Aly, respectively. The transition temperature decreases
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FIG. 5. (Color online) Temperature dependence of the magnetic
susceptibility and inverse magnetic susceptibility of (a) NdRu, Al
and (b) NdOs,Alj, along the three crystal axes.
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FIG. 6. (Color online) Temperature dependence of magnetization
of NdOs, Al along the a axis.
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FIG. 7. (Color online) Temperature dependence of the magneti-
zation of NdOs,Al;( along the b and c axes at H =2 and 4 T.

with increasing magnetic field. Above H = 3 T, M, shows a
monotonous increase with decreasing temperature. At H =
6 T, a saturated behavior is seen with decreasing temperature.
As will be shown later, the 7 dependence of M for H || b and
¢ below the transition temperature is almost independent of
temperature. These results suggest that the AFM order with
the component of mar || a takes place below Ty =2.4 and
2.2 K in NdRu,Al;p and NdOs, Al;p, respectively.

Figure 7 shows the T dependence of M; and M. of
NdOs,Aljp at H =2 and 4 T. The T dependence of M,
and M, below Ty is very weak. NdRuyAl;y shows similar
results. These results of M,, M,, and M, indicate that the
AFM order with the component of mag || a is realized below
TN in NdeAl]o.

Figure 8 shows the magnetization curves of NdOs,Al;q
along the three crystal axes at T = 1.4 K. NdRu,Al;( exhibits
similar behavior. M, shows a concave H dependence up to
H.=2.1 and 2.6 T in NdOs;Al;p and NdRu,Al;, respec-
tively. This concave H dependence of M originates from the
existence of the x; component. Above H., M shows a roughly
H-linear increase up to ~4 T and a saturated behavior above
~5 T after showing a shoulder at ~4.5 T. We note that a
shoulder at ~5 T does not originate from the phase transition,
but the H region above H. is paramagnetic. On the other
hand, M), and M, show an H-linear increase up to H. and
a saturated behavior above H.. There, the magnitude of the
slope of M/ H is much smaller for H || b than for H || c. The
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FIG. 8. (Color online) Magnetization curves of NdOs,Alyy at
T =1.4 K along the three crystal axes.
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FIG. 9. (Color online) Magnetic phase diagram of (a) NdRu, Al
and (b) NdOs;Aly.

similar magnetization curves along the three crystal axes are
observed also in NdRu, Alyy.

Figures 9(a) and 9(b) show the magnetic phase diagrams
of NdRu, Alyg and NdOs, Alyg, respectively. Both compounds
show the similar magnetic phase diagram. Below Ty, the AFM
ordered state with the anisotropic H, is realized. H, along the
b axis is largest and H, along the a axis is smallest.

Figure 10 shows the thermal expansion of NdOs;Al;( along
the three crystal axes in zero magnetic field. The a and ¢
axes expand, and the b axis shrinks below Ty = 2.2 K. The
magnitude of the lattice distortion below Ty is as small as 107.
This indicates that the coupling between the orbital moment
of the Nd ion and the lattice is very small.

IV. DISCUSSION

First, we discuss the electronic structure of LaRu,Aljq
based on the results by MEM/Rietveld analysis. The results
show that the charge density between Ru-Al atoms is large
and that between La-Al atoms is small, as is seen in Figs. 2—4.
The small charge density between La-Al atoms, which is close
to the background level of the MEM charge density, indicates
that the La ion is isolated and behaves as a nearly free ion.
Thus, this compound could be viewed as a caged compound.
Strydom proposed that the Ln atom of Ln7,Alj is located
inside the R4-Alj4 polyhedron.® Contrary to this picture, we
propose the following one by considering the large charge
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FIG. 10. (Color online) Thermal expansion of NdOs, Al along
the a, b, and c axes in zero magnetic field.
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FIG. 11. (Color online) Crystal structure of Ln7, Al constructed
by the Ru-Al;( polyhedra. Along the b axis, the AlS atom is shared,
and in the ac plane, All, Al2, Al3, and Al4 atoms are shared by the
Ru-Al;( polyhedra. The big yellow circle is the La ion. The number
on a small purple circle means the number of Al sites.

density between Ru-Al atoms and the small one between La-Al
atoms. The Ru-Al;( polyhedron is the fundamental component
constructing the YbFe,Al,o-type crystal structure. Figure 11
shows the crystal structure constructed by connecting the
Ru-Aljy polyhedra. One Al atom (AlS) is shared by the two
Ru-Aljg polyhedra along the b axis. On the other hand, in the
ac plane, the two Ru-Al( polyhedra share two Al atoms (All,
Al2) along the a axis and two Al atoms (Al3, Al4) along the
¢ axis. Then, the total charge density between the Ru-Aljg
polyhedra in the ac plane is larger than those along the b
axis. Thus, LnT,Al;o could be viewed as a two-dimensional
system in the ac plane. The Ru-Aljy polyhedra form the
two-dimensional layer in the ac plane and this layer is
connected by the Al5 atom along the b axis as we proposed
in our previous paper.'” The La atom is located in the crevice
formed as a result of the connection of the Ru-Aly polyhedra.
In the same way, the Nd ion in Nd7,Alj, is also expected
to behave as a nearly free ion inside the crevice constructed
by the surrounding Ru-Al;( polyhedra. This is consistent with
very small lattice distortion below Ty and a small CEF effect.
In such a case, although the Ln atom possibly induces a
rattling vibration inside the crevice, the isotropic displacement
parameter U of the La atom is small as 0.0067 A% at T = 300
K, which is much smaller than those of Ln atoms in the filled
skutterdites.**** The U of the La atom is comparable with
those of other constituent atoms of this compound as shown in
Table I. Thus, the rattling vibration of the Ln atom is small in
the Ln7,Al; system. As for U of the La atom, values along
the a, b, and ¢ axes are found to be 0.0063(2), 0.0059(2),
and 0.0080(2), respectively. This implies the existence of an
anisotropic motion of the La atom, although their magnitudes
remain weak (less than 0.01). The U along the c axis is largest.
The reason could be seen in the anisotropic charge-density
distribution of the La atom, which is shown in Fig. 3 and also
in Fig. 4. The charge density between the La-Al2 atoms is
largest, as is clearly seen in Fig. 3(b), which means that the
bonding between La and Al2 atoms is strong and the La atom
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is rather tightly fixed along the a axis. This makes the vibration
of the La atom along the a axis small. On the other hand, the
charge-density distribution of the La atoms along the ¢ axis
is small, which makes the vibration along the ¢ axis large. As
for the small U along the b axis, the strong bonding between
La-Al2 atoms possibly makes the vibration along the b axis
difficult.

It is interesting to compare the present results of the
anisotropic charge-density distribution of five Al sites with the
results of nuclear quadrupole resonance (NQR) and nuclear
magnetic resonance (NMR) experiments.%!'® We note that the
NQR parameters of V_, and 5 are similar between CeRu,Alj
and LaRu,Al,'” which means that the electronic structure
that determines the NQR parameters are nearly the same
between these two compounds. Here, V, and 7 are the largest
principal axis of the electric field gradient tensor and the
asymmetry parameter, respectively. The V,, of five Al sites
reflect their anisotropic charge density. Our previous report and
our recent detailed NMR experiments showed the following
results.'>?” The V, of the All site is almost along the a axis,
but 1.7° deviated from the a axis in the ab plane. The V,; of
the Al2 site is almost along the a axis but 3.4° deviated from
the a axis in the ab plane. The V., of the Al3 site is along
the direction of 32.9° from the b axis in the bc plane. The V_,
of the Al4 site is along the direction of 13.6° from the ¢ axis
in the bc plane. The V., of the AlS site is almost along the b
axis but 0.6° deviated from the b axis in the bc plane. At the
All and Al2 sites, the charge-density distribution against the b
axis in the bc plane and that against the a axis in the ac plane
are symmetric, but in the ab plane, they are asymmetric. This
should be associated with the results of V,, of the All and
Al2 sites obtained by the NMR experiments. At the Al3 and
Al4 sites, the charge-density distribution against the b axis
in the ab plane and that against the ¢ axis in the ac plane
are symmetric, but in the bc plane, they are asymmetric. This
should be associated with the results of V_, of the Al3 and Al4
sites obtained by the NMR experiments. At the AlS site, the
charge-density distribution against the ¢ axis in the ab plane is
symmetric, but in the bc plane, it is asymmetric. This should
be associated with the results of V,, of the Al5 site obtained
by the NMR experiments.

Next, we discuss the coupling between the orbital moment
of the Nd ion and the lattice and also the CEF effect on the
Nd ion from the surrounding atoms. The order of the lattice
distortion of NdOs,Al;y below Ty is 107°. This is found
to be very small when we compare with other compounds.
For example, in NdBg with Ty = 8 K, it is 107*3! and in
CeBg¢ with the same order of Ty = 2.3 K, it is 107232 The
present result indicates that the coupling between the orbital
moment of the Nd ion and the lattice is very small, and the
Nd ion is expected to behave as a nearly free ion. Then,
the CEF effect on the Nd ion from the surrounding atoms
is expected to be small. In fact, x of Nd7,Al;, exhibits a
Curie-Weiss behavior with peg ~3.65up/Nd, which is close
to the expected value from a free Nd ion above ~100 K. The
overall CEF splitting of Nd7,Al;p may be ~200 K. The T
dependence of x of the NdFe,Al;o polycrystal also shows a
Curie-Weiss behavior with a small CEF effect.! Thus, all of
the Nd7,Al;p compounds exhibit a Curie-Weiss behavior with
a small CEF effect independent of the T ion. Furthermore, the
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systematic studies of the magnetic susceptibility of LnFe,Al;q
polycrystals reported by Thiede et al.' showed that LnFe, Al
with a well-localized Ln ion exhibits a Curie-Weiss behavior
in a wide range of temperature without showing a large
CEF effect. From these results, we conclude that, in all of
the Ln7>Al;p compounds with a well-localized Ln, the CEF
splitting originating from the Coulomb interaction is small,
independent of Ln and T ions and the Ln ion behaves as
a nearly free ion. On the other hand, the CEF splitting of
CeT»Al; should be very large, which comes from the large
anisotropy of x in the paramagnetic region.>'3?* The overall
CEF splitting of CeT,Al}p is expected to be as large as
500 ~ 1000 K from the results of x. In CeT,Al;p, the c-f
hybridization effect should be important to determine the CEF
splitting in place of the Coulomb interaction and is expected
to be the origin of the large CEF splitting.

Finally, we briefly comment on the anisotropy of the
magnetization of Nd7,Al;( at low temperatures. The present
results show that M, : M, : M, ~ 1:0.4:0.8 in NdT>Al,( at
H = 10 T, which is in the paramagnetic region above H. at
T = 1.4 K. M, is smallest and the difference between M, and
M. is small. The present results indicate that the AFM order
with the component of mar || a is realized. When the isotropic
exchange interaction is considered, map || @ is consistent
with the anisotropy of yx, > x. > x» in the paramagnetic
region. In this sense, Nd7,Alj is a normal AFM compound
compared with CeT,Aljg. In CeRu,Al,, the AFM order with
mar || ¢ is realized regardless of the large anisotropy such as
Xa © Xe @ xp = 13:4:1 at Tj. In CeRu,Alyy, it is necessary to
introduce the anisotropic exchange interaction, which should
be largest along the ¢ axis. There, the contribution of the c- f
hybridization effect should be essential. Kondo et al. proposed
that mar || ¢ regardless that x, > x. > x, originates from
the largest c-f hybridization along the a axis, which makes
map || ¢ in place of mar || a expected from x, > x. in the
paramagnetic region.”" As information on the conduction elec-
trons could not be derived from the MEM/Rietveld analysis, it
is difficult to discuss the c- f hybridization effect in CeT,Aly.
However, it may be possible to extract some information on the
c- f hybridization from the present results by combining them
with our very recent results of NQR (Ref. 26) and NMR.?’ The
data indicate that the internal field ( H;,) at the Al2 site is much
larger than at the other four Al sites and is also much larger than
the dipole field calculated by assuming the AFM ordered
structure with map = 0.42 g /Ce parallel to the ¢ axis derived
by the neutron scattering experiment.'>2%23 This large Hi, on
the Al2 site could originate from the transferred hyperfine
field from the surrounding atoms. The present result of a large
charge density between La-Al2 atoms could be associated
with the large Hj,, on the Al2 site and possibly suggests the
existence of a large c-f hybridization between Ce and Al2
atoms.

V. SUMMARY

In order to clarify the electronic structure of the present
system, we performed the high-energy synchrotron x-ray pow-
der diffraction experiments of LaRu,Aljo. The charge-density
distribution of LaRu,Al;g derived by the MEM/Rietveld
technique indicates that the charge density between Ru and
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surrounding Al ions is large, but that between La and
surrounding Al ions is small. From these results, we proposed
that the Ru-Al;y polyhedron is the fundamental component
to construct the crystal structure. The two-dimensional layer
is constructed by connecting the Ru-Al;}y polyhedra in the
ac plane, and this layer is stacked along the b axis by way
of the Al5 atom. The La ion is inside the crevice formed
by the surrounding Ru-Aljy polyhedra and is expected to
behave as a nearly free ion from the small magnitude of the
charge density between La and surrounding atoms. We studied
the thermal expansion and magnetic properties of Nd7,Alj
(T =Ru, Os). Ty of NdT»Al;q is 2.4 and 2.2 K for T = Ru
and Os, respectively. We observed very small lattice distortion
below Ty, which indicates the small coupling between the
orbital moment of the Nd ion and the lattice. The Curie-Weiss
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behavior with pesr ~3.65 ug/Nd close to the value expected
from a free Nd ion was observed above ~100 K along all
the crystal axes, which indicates the small CEF splitting in
NdT,Alj. Together with the systematic study of the magnetic
susceptibility of LnFe; Al;o by Thiede et al., we conclude that
the CEF effect is small in Ln7>Al;y with a well-localized
Ln ion, and the Ln ion behaves as a nearly free ion. These
results of the thermal and magnetic properties are strongly
supported by the results of the charge-density distribution of
LaRu;Aljo. The magnetization at low temperatures indicates
that the AFM order with the component of msr || a is realized
in NdT,Alyg. mar || a is consistent with the anisotropy of x in
the paramagnetic region, different from the case of CeT; Al
where mar || ¢ is realized regardless of x, > x. > x» in the
paramagnetic region.
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