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Abstract

The crystal structures and magnetic properties of the ternary oxides BalLn,O4
(Ln = Pr, Nd, Sm—Ho) and Ba;LnsO9 (Ln = Dy-Lu) have been investigated.
These two series of compounds have the CaFe,Oy4-type structure with
space group Pnma and a perovskite-related structure with space group R3,
respectively. In both structures, the Ln ions locally adopt a triangle-based
array, which has the possibility of resulting in a geometrically frustrated
magnet. From the magnetic susceptibility measurements, it was found that
some compounds show a magnetic anomaly at 2.2—4.0 K and the others are
paramagnetic down to 1.8 K. The results of the specific heat measurements
show that these compounds show a long-range antiferromagnetic ordering of
Lnionsat 1.7 K (for BaNd,Q,), 2.6 K (BaGd,0,), 0.8 K (BaH0,04), and 4.0 K
(Ba3Er409).

1. Introduction

Oxides containing lanthanide (Ln) ions have been attracting interest since they often show
anomalous magnetic properties derived from the unpaired 4f electrons at low temperatures.
If the Ln ions adopt triangular geometric arrangements (triangular, Kagomé, pyrochlore, and
fcc lattices) and if there exists an antiferromagnetic interaction between the nearest-neighbour
Ln ions, they can show magnetic frustration. Geometrical frustration in magnetic materials is
one of the most vigorous research fields in condensed matter science [1, 2]. Amongst such
materials, the pyrochlore oxides Ln,M,0O7 (M = Ti, Sn, etc) are extensively studied. They
have a lattice consisting of corner-shared Lny tetrahedra, and some of them (Ln = Dy and Ho;
M = Ti and Sn) show a phenomenon called ‘spin ice’ [3-5].

In order to explore new interesting materials, the research is now spreading to compounds
with more complicated lattices. Recently, Karunadasa et al reported the results of magnetic
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Figure 1. (a) The crystal structure of BaLnpO4 and (b) the framework of the Ln ions (black: Lnl;
white: Ln2).

(a)

3;\\\)'

| . | ——LnO; ) R
-\ prism
( octahedron s 03 d?
T Ba y "‘13“-, :
)/ G} o d c a

Figure 2. (a) The crystal structure of Ba3L.nsOg and (b) the framework of the Ln ions (black: Ln2
and Ln4; white: Lnl and Ln3).

susceptibility and neutron diffraction measurements for SrL.n,O4 (Ln = Gd, Dy-Yb) [6].
These compounds have a crystal structure with a triangle-based array of Ln ions: the
honeycomb-like structure formed by zigzag chains consisting of edge-shared Lnjs triangles.
They show complicated magnetic properties, and magnetic anomalies were observed below
4 K, indicating the onset of a magnetic transition.

Here, we focused our attention on the magnetic properties of BaLLn,O4 and BazL.nsOg
in the BaO-Ln,03 systems [7, 8]. Their syntheses and crystal structures have been reported
by many researchers: Baln,O, for Ln = La, Pr, Nd, Sm—Er [7, 9-12] are isotypic with
SrLn,Oy4, and BazLngsOg for Ln = Sm—Lu [7, 13—17] have a perovskite-related structure.
Their schematic structures are shown in figures 1 and 2. In BaLn, Oy, all the Ln ions adopt the
triangle-based array. On the other hand, the Ba3;L.nsO9 compounds have a trigonal symmetry,
and the Ln ions occupy the octahedral and prismatic sites. The octahedra and prisms are
connected by face-sharing, and they form LnyOg units. These units are linked by corner-
and edge-sharing, and they locally make a triangle-based framework, which is similar to that
observed in BaLn,O4. Therefore, it is expected that these two series of compounds may
show anomalous magnetic properties reflecting the geometrical frustration. Detailed magnetic
properties of these compounds at low temperatures have not been investigated except for the Pr
compound [18]. In order to elucidate their basic magnetic properties, we report the syntheses,
crystal structures, and results of the magnetic susceptibility and specific heat measurements.
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Table 1. Structural parameters for BaHoyOy4. (Note: space group Pnma; a = 10.3946(2) A,
b =3.4517(1) A, ¢ = 12.11003) A, Ryp = 8.70%, R, = 6.38%, Ry = 1.61%, R. = 7.32%.)

Atom  Site x y z B (A?)

Ba de 075302)  1/4  0.6494(1)  0.49(3)
Hol  4c  042202) 1/4 0.1091(1)  0.40(4)
Ho2  4c  042592)  1/4 06111(1)  0.53(4)
ol dc 0212010) 174 0.1554(11)  0.9(1)
o2 4c 0.1159(10) 14  0.4800(11) 0.9

03 4e 05159(14) 14 0.7798(10) 0.9

04 4 04270(12) 1/4  042579) 0.9

2. Experimental details

Polycrystalline samples (BaL.n,O,4 and Ba3zL.nsO9) were prepared by solid-state reaction. As
starting materials, BaCO3, Ln,O3 (Ln = La, Nd, Sm-Gd, Dy-Lu), CeO,, PrsO;;, TbsO;
were used. Before use, La,O3 and Nd,O3 were dried at 1173 K overnight. For compounds
of BalLa,O4, BaPr,O4, BazEus09, and Ba3GdsOg, 10% excess BaCO3; was added because
of the evaporation of barium. They were mixed in an agate mortar, and the mixtures were
pressed into pellets and then heated in flowing Ar or H, atmosphere at 1423-1573 K for 1-8 h
(BaLnyOy), or in air at 1573-1773 K for 3—12 h (BazLnsOy).

The x-ray diffraction measurements were performed at room temperature in the range
10° < 26 < 120° using a 26 step size of 0.02° with Cu Ku radiation on a Rigaku MultiFlex
diffractometer. In order to prevent sample decomposition by water and carbon dioxide in the
air, all the measurements were carried out in an argon gas atmosphere. The x-ray diffraction
data were analysed by the Rietveld technique, using the program RIETAN2000 [19].

The temperature dependence of the magnetic susceptibilities was measured under both
zero-field-cooled (ZFC) and field-cooled (FC) conditions in an applied field of 0.1 T over
the temperature range 1.8—300 K using a SQUID magnetometer (Quantum Design, MPMS-
5S). For samples showing a magnetic anomaly above 1.8 K, specific heat measurements were
performed using a relaxation technique with a commercial physical property measurement
system (Quantum Design, PPMS model) in the temperature range 0.5-15 K (or 1.8-300 K).
A sintered sample in the form of a pellet was mounted on a thin alumina plate with grease for
better thermal contact.

3. Results and discussion

3.1. Sample preparation and crystal structure of BaLn,O4

Bal.n,O4 compounds with Ln = Pr, Nd, Sm—Ho were successfully prepared in this study. On
the other hand, the single phase for Ln = La, Ce, Er—Lu compounds could not be obtained
because of the significant evaporation of barium (for Ln = La), no existence of the target
phase (Ce), or the prior generation of BazL.ngsOg phase (Er-Lu). The x-ray diffraction profile
for BaHo,0y4 is shown in figure 3(a). All the diffraction data for products obtained successfully
were analysed by the Rietveld method. The refined lattice parameters are plotted against the
ionic radius of Ln*" in figure 4; they are in good agreement with the previous results [7, 9—12].
The structural parameters for BaHo,O,4 are summarized in table 1.

The bond valence sums (BVSs) for Ln and Ba ions were calculated using the refined
structural parameters, and they are plotted against the ionic Ln** radius in figure 5. The values
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Figure 3. The x-ray diffraction profiles for (a) BaHo,0O4 and (b) BazLusOg.
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Figure 4. Variation of lattice parameters for BaL.n,O4 against the ionic radius of Ln3*.

for the Ln ion are almost constant (2.8-3.0) and reasonable for trivalent ions. Those for the
Ba ion are close to 2.0 for Ln = Dy and Ho compounds; however, they are decreasing with
increasing the ionic radius of Ln>*. In this structure, Ba ions occupy the sites in the hexagonal
tunnel formed by the honeycomb-like linkage of LnOg octahedra. As Wong-Ng et al pointed
out previously for BaNd, Oy [11], this tunnel may be relatively large for the Ba ion in BaL.n,O4
when the Ln®* is large in size. For smaller Ln (=Er—Lu) ions, the BVS values probably exceed
2. This accounts for the difficulty in preparing compounds with smaller Ln ions, i.e., the size
of the tunnel becomes too small to locate the Ba ion.

Figure 6(a) shows the framework of Ln ions in BalLn,Oy4, and the Ln-Ln interatomic
distances for the case of Ln = Ho. For all the Bal.n,O4 compounds, the Ln1-Ln1 and Ln2-
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Figure 5. Variation of the bond valence sum of Ba and Ln ions in BaLLn, O4 against the ionic radius
of Ln3*.

(d)

Figure 6. Interatomic distances of Ln ions in (a) BaHo,O4 and (b) BazLugOg.

Ln2 distances are in the range 3.45-3.74 A, and the Lnl-Ln2 distances are 4.01-4.24 A;
the ratio of the maximum and minimum distances is ~1.2. These structural features are in
good agreement with those for the SrL.n, Oy series [6]. In these structures, all of the Ln ions
form triangles, and in particular, those consisting of only Ln1 (or Ln2) ions are approximately
regular in shape. Thus, the magnetic interaction between Ln ions is expected to be frustrated.

3.2. Sample preparation and crystal structure of BazLniOgy

The Ba3L.nsO9 compounds for Ln = Dy—Lu were crystallized in a single phase. For Ln = Eu
and Gd, the products contained some amounts of Bal.n,O4 and Ln,O3 (~10%) as impurity
phases, and for La—Nd, Sm, and Tb, the target phase could not be detected. Figure 3(b)
shows the x-ray diffraction profile for BazLusOy. The data for Ln = Dy-Lu compounds were
analysed by the Rietveld method, and the structural parameters determined for Ba;Lu4Og are
listed in table 2. The lattice parameters are plotted against the ionic radius of Ln** in figure 7,
and they are in good agreement with the previous results [7, 13-17].



338 Y Doi et al

253 /’
252 +

25.1

S 250 F
249 /
 J
24.8 | /
[
Lu Yb Tm  Er Ho Dg
< 61t "
3 o0
6.0 O/ 1 1 1 1
086 087 088 0.89 090 091
Tonic radii of Ln*/ A
Figure 7. Variation of lattice parameters for BazLnsOg against the ionic radius of Ln>*.

Table 2. St_ruchral parameters for BazLusOg. (Note: space group R3; a = 6.0200(2) A,
¢ =24.7481(5) A, Ryp = 10.39%, R, = 7.51%, Ry = 1.81%, R. = 6.70%.)
Atom  Site X y z B (A?)

Bal 3a 0 0 0* 1.0(1)

Ba2 3a 0 0 0.1614(2) 1.0

Ba3 3a 0 0 0.5859(4) 1.0

Lul 3a 0 0 0.4262(4)  0.9(1)

Lu2 3a 0 0 0.8638(5) 0.9

Lu3 3a 0 0 0.7380(4) 0.9

Lu4 3a 0 0 0.2994(6) 0.9

o1 9b 0.791(7)  0.664(8)  0.244(1) 1.0(4)

02 9b —0.006(6)  0.436(7)  0.135(1) 1.0

03 9% 0.022(8)  0.405(6)  0.219(1) 1.0

4 Fixed to 0.

The schematic crystal structure of BasLnyOy is illustrated in figure 2. This structure can
be regarded as one of the perovskite-derived structures. The structure of a normal perovskite
ABO; consists of the [AO3] layers stacking in the cubic closed-packed manner and B ions
filling the space (octahedral sites) between layers. In the case of the B-ion-rich perovskite
BasLnsOy, half of the Ln ions (Ln2 and Ln4) occupy the normal octahedral sites, while the
rest (Lnl and Ln3) occupy distorted prismatic sites. The Ln ions in the latter fill the space
between [BaOs] layers twice as densely as those in the former, and the octahedra and prisms
share faces, forming the Ln,Og units. This may explain the experimental results that Ba;L.nsOq
with larger Ln ions were not formed.

Figure 6(b) shows the framework of Ln ions in the BazL.nsO9 compounds. The interatomic
distances between Ln ions are calculated from the refined structural parameters for all the
BazLnyO9 compounds. Among them, the Ln—Ln distances in the Ln, Oy unit (the face-sharing
LnOg octahedron and LnOg prism) is the shortest: 3.11-3.32 A (Lnl1-Ln4) and 3.12-3.27 A
(Ln2-Ln3). The Ln-Ln distance for the edge-sharing LnOg prisms is 3.52-3.61 A (Ln1-Ln3)
and those for the corner-sharing LnOg octahedra are 4.24—4.39 A (Ln1-Ln2), 4.24-4.38 A
(Ln3-Ln4), and 4.30-4.38 A (Ln2-Ln4). Here, it should be noted that there is a difference
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Figure 8. Temperature dependence of the magnetic susceptibilities for BaSm;O4 and BaEu,Oy4.
The solid curve is the magnetic susceptibility calculated for BaEuyO4 by equation (1) (see text).

in the structures between BaLn,O4 and BazL.nsOy. The honeycomb-like array of the former
(figure 1(b)) stacks directly along the b-axis, keeping its tunnel structure, and that of the latter
(figure 2(b)) stacks obliquely along the c-axis with translational symmetry (2/3, 1/3, 1/3)+
and (1/3, 2/3, 2/3)+in space group R3. This difference in the way of stacking the framework
and the larger ratio of the maximum and minimum Ln—-Ln distances in the Ba;L.nsOg (~1.4)
than that in the BaLn,O4 (~1.2) would make the frustration in Ba;L.nsO9 weaker. Frustrated
behaviour may also be expected in BazLnsOg due to the triangular array of Ln ions.

3.3. Magnetic properties of BaLn,O4

From the magnetic susceptibility measurements for BaL.n,O4 (Ln = Pr, Nd, Gd—Ho), it is
found that the Pr, Tb and Dy compounds are paramagnetic down to 1.8 K, while the Nd, Gd,
and Ho compounds show a magnetic anomaly at 2.2-3.6 K (also see figures 9(a)-11(a)). They
show Curie—Weiss-like behaviour at higher temperatures. Their effective magnetic moments
and Weiss constants are determined by the Curie—Weiss law using the data between 150 and
300 K, and they are listed in table 3. The effective magnetic moments are very close to
the calculated moments of free Ln** ions. The negative Weiss constants indicate that the
predominant magnetic interaction between Ln" ions is antiferromagnetic.

The magnetic susceptibilities for BaSm,0O4 and BaEu,0, are plotted as a function of
temperature in figure 8. No magnetic transition was observed down to 1.8 K. Both sets of data
do not obey the Curie~Weiss law. For the Sm** and Eu®* ions, the multiplet levels are not
large compared to kg 7" (kg: Boltzmann constant), so the excited states should contribute to the
magnetic susceptibility. A susceptibility plateau of BaEu,Oy, is observed below 80 K, which
is attributed to the temperature-independent term of the Van Vleck formula. Considering the
contribution of excited states 'F; (J = 1,2, ..., 6), the magnetic susceptibility of BaEu,04
was fitted by using the following equation [20]:

Napd 24+ (13.5y — 1.5)e™7 + (67.5y —2.5)e™> + (189y — 3.5)e % + ...
3kpyT 1+3e 7 +5e 3 +7e 67 ...

’

x (Bu™) =

(1)
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Table 3. The effective magnetic moments (/Lefr: experimental, ftcq1: calculated) per Ln ion, Weiss
constant, and Néel temperature for BaLn, O4.

Compound  pleff /B [heal/ B 6 (K) Or€ (K) In (K)
BaPr, 04 3.66(1)  3.58 —109.7(13) — —
BaNd, Oy 3.57(1)  3.62 —42.3(7) —6.5(2) 1.7
BaSm, 0y 1.69% 1.55° — —16(1) <1.8
BaEu, 04 3.412 3.40P — — —
BaGd, 0, 7.96(1)  7.94 —8.6(2) —11.9(1) 2.6
BaTb,04 9.72(1) 972 —21.1(2) —202(5) <18
BaDy, 04 10.81(1)  10.63 —23.0(5) —157(4) <18
BaHo,0. 10.42(1) 1058 —12.7(1) —10.1(2) 0.8

2 Observed values at room temperature.
b Calculated values by Van Vleck [20].
¢ Weiss constants obtained from low-temperature (5-20 K) data.

where N4 is Avogadro’s number and y = A/kgT is 1/21 of the ratio of the overall multiplet
width to kg7'. By fitting this equation to the experimental magnetic susceptibility, the spin—
orbit coupling constant A was obtained to be 314(2) cm~'. This value is reasonable compared
with those reported in other oxides, for example, 327 cm~! (LiEuO,) [21] and 347 cm™!
(NaEuOy) [22].

Figure 9(a) shows the detailed temperature dependence of the magnetic susceptibility
for BaGd,0O4 in lower temperature region. A cusp, suggesting the occurrence of an
antiferromagnetic transition, is observed at 2.6 K (the Néel temperature, 7y). To further
investigate this magnetic anomaly, a specific heat (C,) measurement was performed, and the
result is shown in figure 9(b). The data show a A-type anomaly at the same temperature,
which indicates that a long-range antiferromagnetic ordering of Gd** ions occurs at this
temperature. The specific heat mainly consists of the lattice (Ciy) and magnetic (Ciag)
contributions around this experimental temperature range. To obtain the magnetic contribution,
the lattice contribution is estimated by fitting a polynomial function of temperature, Ciy =
aT? + bT> + cT’, to the data between 25 and 45 K. The temperature dependence of the
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magnetic entropy, calculated from Spae = [(Cmag/T)dT, is plotted as a solid curve in
figure 9(b). The magnetic entropy change (ASy,g) associated with the antiferromagnetic
transition is determined to be 16.3 J mol~! K~ per Gd ion (because there are two Gd>* ions
per formula unit). This value is in good agreement with that expected from the eightfold-
degenerate ground state of 4f7 ion, RIn(2S + 1) = RIn8 = 17.32 J mol~! K.

The magnetic susceptibility and specific heat for BaNd, O, at low temperatures are plotted
in figure 10. The specific heat shows a A-type anomaly at 1.7 K, which indicates the occurrence
of long-range magnetic ordering. A broad peak around 2.2 K observed in the magnetic
susceptibility may be due to the onset of the antiferromagnetic transition. The magnetic
entropy is calculated in the same way as the case for BaGd, O, and is shown as a solid line in
figure 10(b). The value of A Sy is determined to be 4.7J mol~! K~! per Nd ion. This value is
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closetonot RIn(2J+1) = RIn10 = 19.14J mol~' K~!'but RIn2 = 5.76 Tmol~! K~'. The
ground multiplet *Iy > of Nd** should be split into five Kramers’ doublets in a low symmetric
crystal-field; the observed magnetic entropy of R In2 indicates that the ground doublet is
selectively populated at low temperatures and this state causes the antiferromagnetic transition.

Figure 11 shows the temperature dependence of the magnetic susceptibility, specific
heat divided by temperature, and magnetic entropy for BaHo,0O4. This compound shows
a broad anomaly around 3.6 K in the magnetic susceptibility, and from the specific heat, it
is found that the actual antiferromagnetic transition occurs at 0.8 K. At higher temperatures,
the magnetic entropy reaches 13.3 J mol~! K~! per Ho ion. This value is comparable with
RIn5 = 1338 Jmol ' K~! or RIn6 = 14.90 I mol~! K~!. This result indicates that the
ground multiplet °Ig of Ho®* is split into many states by the crystal-field and the ground and
some low-lying excited states (the total degeneracy is 5 or 6) are populated at low temperatures.
In aregular octahedral crystal-field, the ground state is a I3 (doublet) or I'; (singlet), and a low-
lying Ty (triplet) state exists [23]. At Ty = 0.8 K, the magnetic entropy is only 0.7 J mol~! K1,
and it shows a continuous increasing up to ~38 K. According to the previous neutron diffraction
measurement for StHo,Oy4 [6], some broad magnetic reflections below ~40 K and the rapid
increasing of their intensities below ~4 K were observed. They were explained as a crossover
phenomenon from short-range (77 = 4-40 K) to two-dimensional (in the honeycomb layer)
long-range ordering (7" < 4 K). Thus, our results for BaHo,0O,4 can be understood by the
following way: short-range magnetic ordering below ~38 K, two-dimensional ordering at
3.6 K, and final three-dimensional ordering at 0.8 K.

The BaLn,O, compounds have a triangle-based array of Ln®* ions and are expected
to behave as frustrated magnets. Geometrically frustrated materials often show a large
ratio |0|/ Tn since such a frustration suppresses the long-range magnetic ordering [1]. The
Weiss constant in a low-temperature region, 8y, (table 3) was also calculated to prevent its
overestimation by the slight convexity of the x ~! versus T curve due to the crystal-field effect.
In the case of BalnyOy, the |6 1|/ Ty values are relatively large: 3.8 (for Ln = Nd) and 4.6
(Gd), 12.6 (Ho), and >8 (Sm, Tb, Dy). In addition, it is found that they show the different
magnetic behaviour around 7Ty, i.e., a typical three-dimensional antiferromagnetic ordering
is observed for BaGd,O4 while a broad susceptibility peak is observed above Ty in the x
versus 7 curves for BaNd,0O4 and BaHo,0,. In particular, BaHo,0O, shows the possibility of
gradual ordering of Ho** moments, and its 7 (0.8 K) is much lower than the onset temperature
of short-range ordering (~38 K). There results indicate that the magnetic ordering is highly
suppressed by the magnetic frustration.

3.4. Magnetic properties of BazLnsOq

Magnetic susceptibility measurements for BazL.nyOy (Ln = Dy—Yb) show that only Ba;ErsOg
exhibits a magnetic anomaly at 4.0 K while the others are paramagnetic down to 1.8 K.
The effective magnetic moments and Weiss constants determined by the Curie—Weiss fitting
(T = 150-300 K) are listed in table 4. The effective magnetic moments are in good
agreement with those for the free Ln** ion. The negative Weiss constants show the existence
of antiferromagnetic interaction between Ln ions.

The temperature dependences of the magnetic susceptibility and specific heat for BazErsOg
at low temperatures are plotted in figure 12. Both curves show an anomaly at 4.0 K, indicating
the antiferromagnetic transition. The Sy,,—T curve is calculated from the specific heat data
in the same way as the case for BaGd,Oy4, and is shown as a solid curve in figure 12(b). The
magnetic entropy change is estimated to be 5.17 J mol~! K~! per Er ion, which is close to
RIn2 =576 mol~! K~!. Considering that the Er’* is a Kramers’ ion, this result indicates
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Figure 12. Temperature dependence of (a) the magnetic susceptibility, (b) specific heat and
magnetic entropy for Ba3Er4Og.

Table 4. The effective magnetic moments (uefr: observed, pcar: calculated) per Ln ion, Weiss
constant, and Néel temperature for BazLngOg.

Compound  frefr/UB  Mcal/ 4B 6 (K) O (K) Tn (K)
BazDy409 10.67(1) 10.63 —13.2(3) —4.9(1) <1.8
BazHo4O9 10.37(1) 10.58 —10.9(2) —3.4(1) <1.8
BazEr,O9 9.32(1) 9.59 —7.9(3) —4.5(1) 4.0
Ba3zTmyOg 7.12(1) 7.55 —19.0(3) —6.5(3) <1.8
Ba3zYbsOg 4.63(1) 4.54 —80.0(13) —=5.0(1) <1.8

4 Weiss constants determined in the lower-temperature region (5-20 K).

that both Er** ions in octahedral and prismatic sites have the doublet ground states. The
magnetic entropy reaches 70% (3.7J mol~! K1) of the observed ASmag at Ty and the |0 7|/ T
is near to the unity (~1.1); clear evidence for the frustration is not found in this compound.

4. Summary

The crystal structures and magnetic properties of BaLn,O4 and BazL.nsOg, in which the Ln
ions adopt a triangle-based array, have been studied. The BalLn,O4 compounds with Ln = Nd,
Gd, and Ho show an anomaly in the magnetic susceptibility at 2.2—-3.6 K. From the specific
heat measurements, it is found that the actual antiferromagnetic transition occurs at 1.7, 2.6,
and 0.8 K, respectively. In particular, BaHo,O,4 shows the gradual ordering of Ho** moments
with decreasing temperature, indicating a high suppression of magnetic ordering. In addition,
relatively high |6r|/ Ty values (3.8-12.6) of the BaL.n,O4 compounds suggest the possibility
of geometrical magnetic frustration due to the triangular motif formed by the Ln ions. In the
BaszLnsO9 compounds, only BasErsO9 shows an antiferromagnetic transition (7y = 4.0 K)
while the others are paramagnetic down to 1.8 K. Their crystal structures locally have a triangle-
based array of Ln ions similar to that of BaLn,O,4; however, no feature of a frustrated magnet
was observed in BazErsOg. For the Ba;LnsO9 compounds with Ln = Dy Ho, Tm, and Yb,
the possibility of magnetic frustration still remains because the |0 |/ Ty values may be large;
thus, further measurements will be carried out to clarify this point.
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