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要旨
二元系希土類カルコゲナイドは多様で興味深い物性を示すので、その組
成∙結晶構造とともに精力的に研究されてきた。例えば、直方晶系の結晶
構造を有する希土類硫化物-R2S3（R = Tb、Dy）は、特異な逐次的反強
磁性転移を示す。層状構造を有する希土類テルル化物 RTe3（R = Gd、Tb、
Dy）は、電荷密度波（CDW）転移や圧力下での超伝導転移を示す。筆者
の一連の希土類カルコゲナイドに関する研究の中で、-R2S3（R = Tb、
Dy）の磁気熱量効果（MCE）と高磁場∙低温域における GdTe3 の物性を
先行的に調べた。
希土類化合物のこの様な魅力的な物性に加えて、遷移金属を含有した化
合物についても多くの特徴的物性が報告されている。この遷移金属含有希
土類化合物には、未開の領域が広く存在しており、次世代社会に有益な材
料に繋がる新奇物性を発現する未知物質が潜んでいる可能性があるため、
本研究では、遷移金属を含有した新しい希土類カルコゲナイドを探索する
ことを目的とした。その結果、筆者は新しい遷移金属含有希土類カルコゲ
ナイド R10NiTe9（R = Gd、Tb）を発見し、これらの磁性と伝導について
詳細に調べた。
R10NiTe9 の単結晶は、R、R3Ni および R2Te3 の混合物の熱処理によっ
て育成された。SEM-EDX 分析により、R、Ni および Te の比が約 10：1：
9 であることが確認された。XRD 分析より、得られた単結晶が室温で空
間群 Fm-3m を有する NaCl 型構造の R10NiTe9 であることを明らかにした。
この構造中で Ni は Te10 個につき 1 個の割合で置換する形でランダムに
入っていると結論した。磁性の面では次のことを明らかにした。（A）
Gd10NiTe9 に関して、
（1）168 K で強磁性転移を示す。この意義深い点は、
より低温で反強磁性転移を示す GdTe にわずかに Ni を含有させたことに
より、高温での強磁性を発現させることに成功したことである。さらに、
（2）低温における磁化過程において、磁場の増加に対して磁化が減少す
る領域が存在するという希有な現象を見出した。これに関しても希土類元
素 Gd と遷移金属元素 Ni との協力現象であると結論した。
（B）Tb10NiTe9
に関しては、
（1）120 K 以下で二段の逐次磁気転移を示唆する二つのピー
クを磁化の温度依存性に見出した。また（2）高温側転移点より低温で顕
著な FC/ZFC 効果も見出した。導電性に関しては、次のことを明らかにし
た。Gd10NiTe9, Tb10NiTe9 両化合物において、
（1）電気抵抗率は室温で通
４
常の金属より 10 倍程度以上大きい。（2）その温度依存性は極めて弱く、

電気抵抗率の値は 50 K 程度までほとんど変化しない。（3）50 K より低
温で電気抵抗率が急激な上昇を示す。
以上のように新規 Ni 含有希土類カルコゲナイド Gd10NiTe9, Tb10NiTe9
の単結晶育成に成功し、磁性と伝導における新奇物性を見出した。この結
果は同化合物におけるさらなる深化した物性研究、また新規の化合物群
R10NiTe9 における物性研究ならびに新材料開発への新たな途を開くと考
えられる。
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Abstract
The rare earth chalcogenides have been very attractive for decades because
the binary compounds exhibit varieties of stoichiometries, structures and
interesting physical properties. For example, the rare earth sulfides α-R2S3 (R =
Tb, Dy) with orthorhombic crystal structure (space group Pnma) show successive
antiferromagnetic transitions at TN1 = 12.5 K, TN2 = 3.5 K for α-Tb2S3 and at TN1
= 11.4 K, TN2 = 6.4 K for α-Dy2S3. It is noteworthy that the specific heat peaks of
α-Dy2S3 shift towards high temperature, despite of antiferromagnetic transitions,
by applying magnetic field H in only the case of H ⊥ b. The rare-earth
tritellurides RTe3 (R = Y, La, Ce, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm) were also paid
much attentions to. A certain series of compounds with an orthorhombic crystal
structure (space group Cmcm) has two alternative layers (Te and RTe layers)
perpendicular to the long b-axis. Based on the layered structure, the RTe3 system
exhibits an incommensurate charge density wave (CDW). In the case of R = Gd,
Tb, Dy, the superconducting state occurs under the pressure in low temperature
range. As for the RTe2 (R = La, Ce and Nd) compounds, they possess the
Cu2Sb-type structure (space group P4/nmm). A strong anisotropy in magnetic
properties of the CeTe2 has also been reported.
Based on the attractive physical properties of rare earth chalcogenides, the
effects of transition metal element on them was considered in this work. Since
the introduction of transition metal element, rare earth chalcogenides may exhibit
attractive physical properties brought about by coexistence of the different types
of magnetic interactions: d-d, d-f and f-f interactions. We have chosen the
transition-metal nickel as the third element and tried to synthesize ternary rare
1

earth chalcogenides and study their physics properties. Before the main study, we
also investigated the magnetocaloric effects (MCE) of α-R2S3 (R = Tb, Dy) and
physical properties of GdTe3 in high magnetic field and the low temperature
range as two basic researches for rare earth chalcogenides. Those are as follows:
(1) We estimated the magnetocaloric effects (MCE) with magnetic entropy
change, ΔSm, and adiabatic temperature change, ΔTad, of α-Tb2S3 and α-Dy2S3 by
specific heat measurements in magnetic field. It was found that the ΔSm and ΔTad
in the magnetic field of H⊥b are extremely different from those in the field of H
∥b. It suggests that we can control the MCE of α-Tb2S3 and α-Dy2S3 by the
magnitude and orientation of magnetic field. (2) For the GdTe3, there has a
conflict on the number (one or two) of magnetic transitions in χ(T) and C(T). So
we have studied magnetic properties in high magnetic field and the low
temperature range in present study. We have explained the two Neel temperatures
in C(T). We also have found an anomaly at 7 K in our new data of χ(T) in H⊥c
and the anomaly was not pointed out in the study mentioned above although it
can be seen in their data. The specific heat results in our study indicate that there
exist two Neel temperatures with the same as χ(T) result in no magnetic field and
that GdTe3 single crystal also exhibits another two weak some sort of transitions
in 2 T, which seems to have relation with the valley shape in χ(T). In present
stage, we have no found what the phenomena originate from.
In this work, we have studied about the R-Ni-Te compounds (R = Gd, Tb). At
first, we paid much attentions to that Gd4NiTe2 is the first chalcogenide to exhibit
infinite Gd6Ni2 double-chains, a motif long known for lanthanide-iodides with
the R3MI3 structure-type. What’s more, its physical properties have not been
2

studied. For this reason, we tried to prepare the single crystal of Gd4NiTe2. In that
step, we have discovered the new transition-metal rare earth chalcogenide
Gd10NiTe9. Secondly, we have investigated crystal structure of the new
transition-metal rare earth chalcogenide Gd10NiTe9 and studied about its physical
properties. Finally, we tried to prepare the new transition-metal rare earth
chalcogenide Tb10NiTe9. The results are as follows:
Single crystals of R10NiTe9 (R = Gd, Tb) were grown by heat treatment of a
mixture of R, R3Ni and R2Te3. SEM-EDX analysis confirmed that the ratio of R,
Ni and Te was about 10: 1: 9. XRD analysis revealed that the obtained single
crystal was NaCl-type structure with space group Fm-3m at room temperature. It
was concluded that in this structure Ni was randomly substituted Te in a ratio of
1 per 10. In terms of magnetism, the following points have been clarified. (A) In
the case of Gd10NiTe9, (1) it exhibits a ferromagnetic transition at 168 K. It
implies that I succeeded in emerging ferromagnetism at high temperature by
slightly incorporating Ni into GdTe having an antiferromagnetism at a lower
temperature. (2) In the magnetization process at low temperature, it has been
found that there is a region where the magnetization decreases with increasing
the magnetic field. It was also concluded to be cooperative phenomenon between
the rare earth element Gd and the transition metal element Ni. (B) For Tb10NiTe9,
(1) Two peaks suggesting successive magnetic transitions were found below 120
K in the temperature dependence of magnetization. (2) A remarkable FC / ZFC
effect was found below a temperature at which the high temperature side
magnetic transition occurs. As for electrical conductivity, the followings were
clarified. In both compounds Gd10NiTe9 and Tb10NiTe9, (1) electrical resistivity is
3

about 104 times greater than conventional metal at room temperature. (2)
Temperature dependence of electrical resistivity is extremely weak, and the value
of electric resistivity hardly changes down to about 50 K. (3) Temperature
dependence of electrical resistivity shows a sharp rise below about 50 K.
As mentioned above, single crystals of Gd10NiTe9 and Tb10NiTe9 were
successfully grown, as new rare earth chalcogenides including Ni, and exhibited
novel physical properties on magnetism and electrical conductivity. This result
seems to open up a new way to study deepened physical properties of the present
compounds, research on physical properties in new compound group R10NiTe9
and develop new materials.
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Chapter 1
Introduction

5

Since the discovery of rare earth elements at the end of 18th century, rare
earth elements have been much attractive for the last few years due to their wide
applications. Rare earth alloys and compounds are used in computer memory,
precision-guided weapons, night-vision googles, vehicle catalytic converters,
magnets, fluorescent lighting and so on. While, most resources of rare earth
elements are natural and just a little is from recycling. So it is necessary to use
rare earth elements efficiently and study rare earth alloys and compounds.
As a member of rare earth alloys and compounds, rare earth chalcogenide
(RnXm; R = rare earth, X = S, Se, Te) gets much attention because the binary
compounds exhibit varieties of stoichiometries, structures and interesting
physical properties. For example, the rare earth sulfides α-R2S3 (R = Tb, Dy) with
orthorhombic

crystal

structure

(space

group

Pnma)

show

successive

antiferromagnetic transitions at TN1 = 12.5 K, TN2 = 3.5 K for α-Tb2S3 and at TN1
= 11.4 K, TN2 = 6.4 K for α-Dy2S3 [1]. It is noteworthy that the specific heat
peaks of α-Dy2S3 shift towards high temperature, despite of antiferromagnetic
transitions, by applying magnetic field H in only the case of H⊥b. The
rare-earth tritellurides RTe3 (R = Y, La, Ce, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm)
were also paid much attentions to [2-14]. A certain series of compounds with an
orthorhombic crystal structure (space group Cmcm) has two alternative layers
(Te and RTe layers) perpendicular to the long b-axis [12-14]. Based on the
layered structure, the RTe3 system exhibits an incommensurate charge density
wave (CDW) [5, 6]. In the case of R = Gd, Tb, Dy, the superconducting state
occurs under the pressure in low temperature range [12]. As for the RTe2 (R = La,
Ce and Nd) compounds, they possess the Cu2Sb-type structure (space group
6

P4/nmm) [15]. A strong anisotropy in magnetic properties of the CeTe2 has also
been reported [16].
Based on the attractive physical properties of rare earth chalcogenides, a new
rare earth chalcogenide including transition metal was considered in this work. In
fact, the alloys and compounds with rare earth and transition metal (R-M) have
been studied for few decades. Magnetic properties of them were brought into
focus due to the existence of exchange interactions involving 4f and 3d electrons.
The exchange interaction between different magnetic moments caused from d
and f electrons determine spin ordering in magnetic materials. For example,
SmCo-based rare earth permanent magnets have a high Curie temperature (720–
920 °C), large magnetocrystalline anisotropy field (6–30 T), and large energy
product (>200 kJ m−3) [17]. Nd2Fe14B-based permanent magnets are the most
popular magnets at room temperature due to their high remanence and coercive
field [18]. In magnetocaloric effect (MCE) materials, the LaFe13−xSix compounds
(1.2≤ x ≤1.6) undergo a first-order field induced itinerant-electron metamagnetic
transition, so the compounds possess large MCE [19]. The RCo2 (R = Er, Ho, Dy)
alloys exhibit first-order magnetic transition and large MCE. The effects of
element substitutions and pressure on RCo2-based compounds for MCE are also
reported [20]. Some compounds with Gd and Ni reveal complicated magnetic
behavior. Al3Gd2Ni5 and Al9Gd2Ni8 are ferrimagnetic at low temperature, where
the interactions between Gd and Ni are antiferromagnetic [21-23]. While
AlGd3Ni8 and Al8Gd5Ni2 exhibit the ferromagnetic order [22-25], Al3GdNi2 and
Al16GdNi3 show an antiferromagnetic transition [21, 22].
In addition to such attractive physical properties of R-M compounds, many
7

characteristic physical properties will be expected for new rare earth
chalcogenide including transition metal. About rare earth chalcogenide including
transition metal, it will be reported in the section 1.2 for the purpose of this work.
In order to study better, basic knowledge and research are necessary. Next, the
research studied until now and the purpose of this work will be presented.

1.1 Research studied until now
In the master period, The writer have studied the structural properties,
magnetic properties and magnetocaloric effects in Mn50-xFe10+xAl40 and
Mn38Fe22Al40 (B, C)y alloys for that they are as potential magnetic refrigeration
materials to use in a high-tech green refrigeration technology. Through this study,
the writer have learnt about magnetic materials and magnetocaloric effects. In
fact, the time at which the study about magnetic refrigeration materials start to be
popular is after the giant MCE (GMCE) is discovered in Gd5Si2Ge2 [26]. For that,
the writer has paid much attention to rare earth compounds. However, the
practical study about rare earth compounds have not been done yet. So, in the
doctor period, the magnetocaloric effect (MCE) of α-R2S3 (R = Tb, Dy) and the
physical properties of GdTe3 in high magnetic field ∙ low temperature region
were investigated in advance. Their results and discussion will be presented
briefly in the following parts 1.1.1 and 1.1.2. After these research, single crystal
growth and physical properties of new rare-earth chalcogenides including Ni was
studied.

8

1.1.1 MCE of α-R2S3 (R = Tb, Dy) single crystals
Recently, the series compounds of α-R2S3 (R = rare earth elements) become
attractive for their novel physical properties related to magnetic transitions [1,
27-37]. The α-R2S3 (R = La-Dy, except Pm and Eu) have an orthorhombic crystal
structure (space group Pnma), as shown in figure 1-1: there are two
crystallographically inequivalent R sites labeled R1 and R2 in this structure;
Atoms on R1 with buckling in ab plane, where R2 atoms are connected to this
plane [1, 27, 32 and 34]. Ebisu et al., discovered that α-R2S3 single crystal
showed a novel antiferromagnetic transition at 10 K with anisotropic behavior in
the temperature dependence of magnetic susceptibility [27]. Neutron Diffraction
data [38] of α-Gd2S3 demonstrated that the magnetic unit cell was the same as the
chemical unit cell. The heat capacity versus temperature of α-Gd2S3 single crystal
shows a sharp anomaly at about 10 K, which also means magnetic moments of
both Gd1 and Gd2 site order the same temperature [28]. The specific heat of
α-Gd2S3 is high and the α-Gd2S3 is likely to be used as regenerator material [36].
Then, the magnetic entropy change is also large and the α-Gd2S3 can be a
candidate of refrigerant materials. In contrast with α-Gd2S3, the α-Tb2S3 single
crystal exhibits successive antiferromagnetic (AFM) transitions at TN1 = 12.5 K
and TN2 = 3.5 K [1]. The two transitions occur in Tb1 and Tb2 sites, respectively
[39]. For α-Dy2S3 single crystal, the successive AFM transitions occur at their
Neèl temperatures 11.4 and 6.4 K and that the two peaks shifted to different
directions depending on the applied magnetic field [1]. When the magnetic field
(up to 2 T) was applied parallel with the b-axis those shifted toward lower
temperature side, while those shifted to higher temperature side in the magnetic
9

field perpendicular to the b-axis.

Figure 1-1 The crystal structure of α-R2S3 compound: rare earth atoms are
connected by banding and sulfurs atoms are free [1].

In the present study, the magnetocaloric effects (MCE) of α-Tb2S3 and
α-Dy2S3 compounds were estimated from specific heat in magnetic field applied
along the b-axis and perpendicular to the b-axis. The MCE, which expressed by
magnetic entropy change and adiabatic temperature change, and the possibility of
controlling the MCE in α-Tb2S3 and α-Dy2S3 single crystals in low temperature
by the magnitude and orientation of magnetic field were discussed in this part.

Specific heat
The effect of magnetic field on the specific heat will be discuss. Figure 1-2
shows the temperature dependence of the magnetic molar specific heat of
α-Tb2S3 single crystal in various magnetic fields within 4 T: H//b (a); H⊥b (b).
In Figure 1-2 (a), it can be clearly seen that the TN1 peak shifts to lower
temperature with increasing the magnetic field up to 1.7 T and then the TN1 peak
10

disappears for the magnetic field higher than 2 T. The height of the TN1 peak also
reduces with the magnetic field increasing up to 1.7 T. While, the TN2 peak does
not seriously shift and the maximal value of TN2 peak diminishes when the
magnetic field is increased. The data for 2.5 and 3 T are not shown in here. In
Figure 1-2 (b), it should be noted that the data of 2.5 T in temperature range
above 13 K indicates by the dotted curve and includes large experimental error.
In the case of H⊥b, the TN1 peak is constant about the appearing temperature and
the height when the magnetic field is increased up to 3 T. However, it suddenly
shifts to lower temperature and decreases by about half in the height when the
magnetic field is 4 T. The stability of the TN1 peak within the magnetic field of
3T perpendicular to the b-axis is consistent with orientation of the ordered Tb1
moments parallel to the b-axis [40]. The TN2 peak for 2 T appears actually at
slightly lower temperature than one for no magnetic field. However, the peak
disappears when the magnetic field gets to be higher than 2.5 T. It should be
noted that the Cm value at T = 2 K, μ0H = 1 T (H⊥b) is rather large than the
values of the other curves in Figure 1-2 (a) and (b). It suggests that the magnetic
system under the magnetic field of 1 T in the direction of H⊥b keeps a certain of
freedom-degree.
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Figure 1-2 Temperature dependence of the magnetic specific heat for
α-Tb2S3 single crystal in various magnetic fields within 4 T H//b (a) and H⊥b
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As for α-Dy2S3, Ebisu et al., have already reported the specific heat under the
magnetic field within 2 T and in the temperature range higher than 2 K [1].
However, it will be shown the specific heat measured in the extended range; the
magnetic field within 5 T and the temperature down to 0.7 K, in order to
investigate MCE. Figure 1-3 shows temperatures dependence of the magnetic
molar specific heat of α-Dy2S3 in the temperature range below 20 K down to 0.7
or 2.0 K and in the magnetic field up to 5 T; H//b (figure 1-3 (a)) and H⊥b
(figure 1-3 (b)). According to our recent study, the specific heat of α-Dy2S3
shows large anisotropy also in the ac-plane. It should be pointed out that the
specific heat data in figure 1-3 (b) are the well resemble data for H//a taken in
the recent study. From figure 1-3 (a), it can be seen that both TN1 and TN2 peaks
shift to lower temperature and the heights of both peaks reduce by increasing the
applied field up to 3 T in H//b. But, the both peaks disappear in the field equal
and larger than 4 T. However, in figure 1-3 (b), TN1 peak shifts to higher
temperature and its height increases with increasing the magnetic field up to 5 T
in H⊥b despite that an AFM transition occurs. It is likely that the gain of the
Zeeman term brought about by aligning of the magnetic moments on Dy2 site
below TN1 assists the shift of TN1 peak toward higher temperature. On the other
hand, the TN2 peak disappears in magnetic field equal and higher than 1 T. Here,
it should be pointed out that the Cm under no magnetic field, which is shown in
both figures, has finite value at 0.7 K and does not seem to go to zero below 0.7
K. It suggests that a certain of freedom-degree remains below 1 K in no magnetic
field, however it seems to disappear in the magnetic field as shown in both
figures. This freedom-degree seems to disappear with some magnetic ordering
13

demonstrated as broad peaks around 1-2 K in the curves of 1, 2, 3 T in figure 1-3
(a) and sharp / broad peaks in the curves of 1 / 2 T in Fig. 1-3 (b). It has been
reported that Dy3+ on one Dy site in which Dy3+ moments order at TN2 has a
doublet ground state because the entropy change across TN2 deduced from
specific heat data taken in the temperature range higher than 2 K is nearly equal
to Rln2. However, it has been clear that the magnetic entropy remains also below
2 K in the present study. Therefore, the ground state of this Dy site might have
quasi-quartet ground state.

14

Magnetic entropy change and adiabatic temperature change
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Figure 1-4 Temperature dependence of the magnetic entropy for α-Tb2S3
single crystal in various magnetic fields within 4 T H//b (a) and H⊥b (b).

Figure 1-4 shows the temperature and magnetic field dependence of
magnetic entropy, S’m(T), of α-Tb2S3 in magnetic field within 4 T (H//b and H⊥
b), which was calculated by Eq. (2) substituting 2 K for T0. The characteristic
change of S’m(T) by increasing magnetic field is shown for the case of H//b in
figure 1-4 (a). While the S’m(T) decreases with increasing field is complicated
below 12.2 K. In figure 1-4 (b), the data for μ0H = 1 T has been excluded.
Because the Cm has rather large value at 2 K only in the case for μ0H = 1 T as
mentioned above, a simple comparison of S’m(T) evaluated from the Cm data
above 2 K between the case for 1 T and the other cases is not adequate. As a
consideration, the S’m(T) was evaluated for μ0H = 2.5 T assuming that the Cm for
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2.5 T above 13 K, including experimental errors, was as same as the Cm for μ0H
= 3 T in Fig. 1-4 (b).
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Figure 1-5 Temperature dependence of the magnetic entropy for α-Dy2S3
single crystal in various magnetic fields within 5 T H//b (a) and H⊥b (b).

Figure 1-5 shows the temperature and magnetic field dependence of Sm(T)
of α-Dy2S3 in magnetic field H//b (Fig. 1-5 (a)) and H⊥b (Fig. 1-5 (b)) from 0 to
5 T. The Sm(T) is defined as
′ ( )
𝑆m (𝑇) = 𝑆m
𝑇 + 𝑆0

(1)

where the S0 is the magnetic entropy below T0 and evaluated by
𝑇 𝐶

𝑆0 = ∫0 0 𝑚 𝑑𝑇
2𝑇

(2)

The S0 should be considered in the case of α-Dy2S3. The Cm values at T0 for μ0H
= 1, 2, 3, 4 and 5 T in Fig. 1-3 (a) are sufficiently small and tend to go to zero
with decreasing temperature; hence, it is assumed that the S0 values for these
16

cases are zero. Similarly, judging from the Cm values at T0 in Fig. 1-3 (b), it can
be assumed that the S0 values for μ0H = 2, 3, 5 T are zero. However, the S0 cannot
be neglected for μ0H = 0 and 1 T (H⊥b). In order to evaluate S0 for these cases,
the Cm model is shown in Fig. 1-6. In the case of μ0H = 1 T, the Cm tends to go to
zero with decreasing temperature to zero; therefore, we assume the straight
broken line CmB for the magnetic specific heat below T0. From this assumption,
S0B is evaluated as 2.1 JK-1mol-1. While T goes to zero, the Cm in no magnetic
field does not seem to get to zero. Hence, we assume the CmA consisting of two
connected broken lines for upper limit of magnetic specific heat. The temperature
of the connecting point T1 is taken as T0/2. The S0 calculated from CmA, S0A, is 6.1
JK-1mol-1. It is assumed that the S0 for the case of no field is smaller than S0A and
larger than S0B. We calculated the S0 by the equation; S0 = (S0A+S0B)/2, as 4.1
JK-1mol-1. The Sm(T) for no magnetic field and 1 T (H⊥b) are taken S0 into
consideration in Fig. 1-5. Consequently, the Sm(T) for no field at 6.4 K is nearly
equal to Rln4. The quasi-quartet ground state model for one Dy site that
mentioned above seems to be adequate. In both Fig. 1-5 (a) and Fig. 1-5 (b), it
can be seen that the magnetic entropy decreases with increasing the magnetic
field.
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Figure 1-6 The Cm model for evaluating magnetic entropy of α-Dy2S3 below
T0 .

The magnetic entropy change will be discussed under the magnetic field.
Fig. 1-7 shows the temperature and magnetic field dependence of magnetic
entropy change, -∆Sm(T, H), of α-Tb2S3; H//b (Fig. 1-7 (a)), H⊥b (Fig. 1-7 (b)).
It was calculated by following equation,
′
′
−∆𝑆m (𝑇, 𝐻 ) = −[𝑆m
(𝑇)𝐻 − 𝑆m
(𝑇)𝐻=0 ]

(3)

In the case of H//b, it can be seen in Fig. 1-7 (a) that the valley of magnetic
entropy change having negative values is formed below 12 K when the magnetic
field change is equal to or smaller than 2 T. It is due to existing the complicated
phases of S’m(T) in Fig. 1-4 (a). It is largely different from the positive values in
the case of H⊥b. This inverse MCE was also reported in RCu2 (R = Tb, Dy, Ho,
Er) compounds which has also successive transitions [41]. The -∆Sm(T, H) in the
range of 12-20 K increases with increasing magnetic field change up to 4 T. The
18

maximal -∆Sm(T, H) of α-Tb2S3 is 12.0 Jkg-1K-1at 20 K in magnetic field change
of 4 T. On the other hand, the -∆Sm(T, H) for H⊥b increases with increasing
magnetic field change up to 4 T in the wide temperature range
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Figure 1-7 Temperature dependence of the magnetic entropy change for
α-Tb2S3 single crystals in magnetic field change within 4 T H//b (a) and H⊥b
(b).

above 4 K, as shown in Fig. 1-7 (b). It can be seen obviously that two peaks of
-∆Sm(T, H) emerges under the magnetic field change of 4 T, compared with one
peak in ∆H of 2, 2.5 and 3 T. Consequently, the -∆Sm(T, H) in μ0∆H of 4 T keeps
large value in a broad temperature range, which gets more than twice as large as
that in μ0∆H of 2, 2.5 and 3 T in the temperature range above 12 K. The maximal
value of magnetic entropy change for α-Tb2S3 is -∆Sm(T, H) = -∆Sm(13 K, 4 T) =
12.0 Jkg-1K-1 in the measurement range. Comparing the cases of H//b; Fig. 1-7
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(a) and H⊥b; Fig. 1-7 (b), the -∆Sm(T, H) of α-Tb2S3 single crystal shows fairly
large differences in shape and feature. Therefore, the α-Tb2S3 single crystal has
potential to control the large MCE by rotating the single crystal in a magnetic
field.
For the α-Dy2S3, the temperature dependence of -∆Sm(T, H) in μ0∆H from 1
to 5 T in H⊥b and H//b is shown in Fig. 1-8 (a) and (b). The magnetic entropy
change of α-Dy2S3 increases in both cases H⊥b and H//b with increasing
magnetic field change. There are almost flat peak in both conditions H⊥b and
H//b in the temperature range from 7 to 12 K in the case of μ0∆H = 5 T. The
half-peak temperature width of α-Dy2S3 also makes larger in H⊥b and H//b with
increasing magnetic field change. The maximal -∆Sm(T, H) of α-Dy2S3 is 22.8
Jkg-1K-1at 11.7 K in magnetic field of 5 T (H//b) and 28.3 Jkg-1K-1 at 11.4 K in
magnetic field of 5 T (H⊥b). Comparing Fig. 1-8 (a) and (b), the -∆Sm(T, H) of
α-Dy2S3 single crystal shows large difference in value depending on the magnetic
field direction. It indicates that the MCE of α-Dy2S3 could be controlled by
changing orientation and magnitude of magnetic field.
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Figure 1-8 Temperature dependence of the magnetic entropy change for
α-Dy2S3 single crystals in magnetic field change within 5 T H//b (a) and H⊥
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Figure 1-9 The description for the MCE in terms of both the isothermal
magnetic entropy change ∆Sm and the adiabatic temperature change ∆Tad.
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Here, the ∆Tad of α-Tb2S3 and α-Dy2S3 will be discuss. In general, the ∆Tad
can be estimated from the temperature dependence of total entropy [42], which
can be written as the following equation,
∆𝑇ad = 𝑇𝑆(𝐻) − 𝑇𝑆(0)=𝑆(𝐻)

(4)

and is shown in Fig. 1-9. The temperature dependence of ∆Tad for α-Tb2S3 as
shown in Fig. 1-10 (a) and (c) can be obtained from the results shown in Fig. 6(a)
and (b). However, since α-R2S3 (R = Tb, Dy) compounds exhibit two successive
AFM transitions, the behavior of Sm(T) is complicated as seen in Fig. 1-4 and Fig.
1-5. Therefore, the ∆T ’ad can be calculated by using the equation,
∆𝑇’ad = −

𝑇
𝑐p

∆𝑆m

(5)

The calculated results for α-Tb2S3 are shown in Fig. 1-10 (b); H//b and (d); H⊥b.
Comparing Fig. 1-10 (a, c) and (b, d), the features of adiabatic temperature
change curves, namely ∆Tad (T) and ∆T ’ad (T), are similar qualitatively. However,
the values of ∆Tad and ∆T ’ad in the case of magnetic field change below 3 T are
slightly different. In the case of μ0∆H = 4 T (H⊥b), the values of differences
between those are larger. It might be due to that we assumed the constant value
for the Cp in the evaluation of ∆T ’ad (T) using Eq. (5). In the following parts, the
data of ∆Tad will be used to discuss. It should be pointed out that the value of the
∆Tad curves are ended around T = 10 K because the S’m(T) have a limitation
temperature 20 K in our measurement. In Fig. 1-10 (a), the curves of ∆Tad (T) in
the magnetic field change of 3 T show valleys at the temperature range about 7 to
12 K. When the magnetic field increases to 2 T, the value of ∆Tad firstly
decreases. Then, it increases when the field is up to 4 T. In general, the adiabatic
temperature change for MCE material is positive and increases when magnetic
22

field change increases. It is named normal adiabatic temperature change.
However, inverse adiabatic temperature have been observed in α-Tb2S3
compound in a widely temperature range between TN1 to TN2. The maximal ∆Tad
of α-Tb2S3 is 10.6 K at T = 8.7 K in magnetic field of 4 T (H//b), although the
values are limited because of experiment data below 20 K. For α-Tb2S3 in H⊥b,
there exists a peak of ∆Tad at about 5 K and a valley at about 12 K in μ0∆H = 2,
2.5 and 3 T. However, when the magnetic field change is 4 T, the value of ∆Tad
constantly increases with increasing temperature. The maximal ∆Tad of α-Tb2S3 is
10.0 K at T = 10.2 K in magnetic field change of 4 T (H⊥b).
Here, we have to point out some issues on our estimation of the adiabatic
temperature change ∆Tad and ∆T ’ad. The ∆Tad (T) and ∆T ’ad (T) for 4 T in Fig.
1-10 (c) and (d) show divergence behaviors. We consider that such behavior is
somewhat strange. We admit there exist imperfection in the two estimation
methods. The first method estimating ∆Tad directly from the figure of S’m(T) is so
simple, however it is suspicious whether we can applicate it for successive
magnetic transition systems. As for the second method estimating ∆T ’ad from Eq.
(5), we might have to consider the temperature dependence of Cp. However, we
believe the behavior of ∆Tad and ∆T ’ad without divergence in the relatively low
magnetic field is valid qualitatively.
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Figure 1-10 Temperature dependence of the adiabatic temperature change
∆Tad estimated from magnetic entropy data for α-Tb2S3 single crystal in
magnetic field change within 4 T; H//b (a) and H⊥b (c). The ∆T ’ad from Eq.
(5); H//b (b) and H⊥b (d).

24

12

12

- Dy2S3
H // b

(a)
10

(b)

0H

 - Dy2S3

1T
2T
3T
5T

H // b

10

0H
1T

8

8
T'ad / K

Tad / K

2T
3T
5T

6

6

4

4

2

2

0

0

0

5

10

15

20

0

5

10

15

20

T/K

T/K
12

12

(c)

H⊥b

10

 - Dy2S3

(d)

 - Dy2S3

H⊥b

10

0H
8

5T

T'ad / K

Tad / K

8

6
3T
4

0

0H = 1 T

0

5

10

15

6

4

2T

2

1T
2T
3T
5T

2

0

20

T/K

0

5

10
T/K

15

20

Figure 1-11 Temperature dependence of the adiabatic temperature change
∆Tad estimated from magnetic entropy data for α-Dy2S3 single crystal in
magnetic field change within 5 T; H//b (a) and H⊥b (c). The ∆T ’ad from Eq.
(5); H//b (b) and H⊥b (d).
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Figure 1-11 is the temperature dependence of ∆Tad and ∆T ’ad of α-Dy2S3 in
magnetic field change within 5 T in H//b; (a, b) and H⊥b; (c, d). Also in this
case of α-Dy2S3, it can be seen that the features of ∆T ’ad curves resemble that of
∆Tad curves qualitatively. Fig. 1-11 (b) and (d) exhibit divergence behaviors as
well as α-Tb2S3, especially in the higher magnetic fields. Thus, the MCE will be
discussed by using the value from Fig. 1-11 (a) and (c). The larger the magnetic
field change is, The higher the value of ∆Tad is in both cases of H//b and H⊥b.
In Fig. 1-11 (a), it is obvious that the ∆Tad(T) curves show valleys around T =5.5
K. The maximal value of ∆Tad is 9.7 K at T = 10.3 K in magnetic field of 5 T
(H//b). In the case of H⊥b in Fig. 1-11 (c), the value of ∆Tad in any curves of 2,
3 and 5 T tends to decrease with increasing the temperature. We can also see that
there exists two minimal values around 6 and 11 K, which are close to TN2 and
TN1. The maximal value of ∆Tad is 10.2 K at T = 1.2 K in magnetic field of 5 T (H
⊥b).
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Table 1-1 The comparison of maximal magnetic entropy change and
adiabatic temperature change of MCE materials in the temperature range
below 20 K.
Compounds

Magnetic
field / T

α-Tb2S3

Maximal ∆Sm at T1
∆Sm /J kg-1 K-1 ∆Sm /J m-3 K-1

Maximal ∆Tad at T2

T1 / K

∆Tad / K

T2 / K

4 (H//b)

11.7

73.3

20.0

10.6

8.7

4 (H⊥b)

12.0

75.2

13.6

10.0

10.2

5 (H//b)

22.8

149.0

11.7

9.7

10.3

5 (H⊥b)

28.3

185.0

11.4

10.2

1.2

ErN [43]

5

34.7

370.0

7.0

8.4

16.0

HoN [26]

5

28.3

291.0

18.0

10.2

23.0

ErAl2 [26]

5

38.7

240.0

11.1

-

-

HoCoAl

5

22.6

171.0

10.0

-

-

5

15.17

142.0

17.0

8.6

α-Dy2S3

[26]
GdPd2Si

17.0

[26]

The maximal magnetic entropy changes and adiabatic temperature changes
of two single crystals below 20 K were listed in Table 1-1 and compared with the
conventional MCE materials [26, 43]. The values of ∆Sm expressed by two cases
unit mass (kg) and unit volume (m3) considering varies uses of the MCE
materials. From Table 1, it can be seen that the magnetic entropy change ∆Sm and
adiabatic temperature change ∆Tad of α-Tb2S3 and α-Dy2S3 are not so much
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higher compared with conventional related materials, although the values of
∆Sm(T) and ∆Tad(T) in the case of unit mass are comparable. However, as
mentioned in Fig. 10-13, the value and shape of ∆Sm and ∆Tad are extremely
different between in the magnetic field of H//b and H⊥b for α-Tb2S3 and
α- Dy2S3 single crystals. Using this feature as an advantage, it may be possible
that the refrigerating capacity, thermal absorption capacity will be controlled by
changing magnitude and orientation of magnetic field on the α-Tb2S3 and
α-Dy2S3 single crystals.
In this part, the specific heat of α-Tb2S3 and α-Dy2S3 single crystals in
different magnetic field (H ⊥ b and H//b) were investigated. From the
temperature dependence of specific heat of α-Tb2S3 in no magnetic field, we have
found that the ground state of each Tb site is quasi-doublet. For α-Dy2S3, the
temperature dependence of specific heat shows that there still exists finite value
of Cm at 0.7 K in no magnetic field, which means the magnetic entropy remains.
The magnetic entropy can be released in μ0H = 1 T due to some kind of order at
1.0 K. From the consideration of temperature dependence of magnetic entropy, it
can be obtained that the ground state of one Dy site in which Dy3+ moments
order at TN2 is a quasi-quartet ground state. In addition, we estimated the MCE
expressed by magnetic entropy change and adiabatic temperature change of
α-Tb2S3 and α-Dy2S3 compounds. Only in the case of H//b, the α-Tb2S3 exhibits
inverse MCE below 12 K within magnetic field change of 3 T. It have been
found that the value and shape of ∆Sm and ∆Tad are extremely different between
in the magnetic field of H//b and H⊥b for α-Tb2S3 and α-Dy2S3 single crystals.
Therefore, the MCE of α-Tb2S3 and α-Dy2S3 can be controlled by magnitude and
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orientation of magnetic field. As a consequence, it may be possible that the
refrigerating capacity, thermal absorption capacity will be controlled by changing
magnitude and orientation of magnetic field on the α-Tb2S3 and α-Dy2S3 single
crystals.
1.1.2 Novel magnetic behavior in CDW compound GdTe3
Since “layered structure” became one focus in compounds with significant
magnetic properties or phenomena, a lot of layered compounds were synthesized
and investigated. It was reported that Gadolinium tritelluride (GdTe3) exhibits
Charge Density Wave (CDW) transition at 380 K [13]. What’s more, GdTe3
single crystal exhibits two features in temperature dependence of magnetic
susceptibility with only one antiferromagnetic transition at 11.5K and a spin-flop
transition around 4K (H⊥c) [14]. However, two Neel temperature of GdTe3 with
11.3 K and 9.7 K were reported by studying specific heat [11]. The specific heat
figure also shows another faint anomaly at 7 K, although they have not pointed it
out. So we studied magnetic properties of GdTe3 single crystal again in here.
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Figure 1-12 XRD pattern of GdTe3 single crystal.

Single crystal of GdTe3 was prepared by a flux method using alkaline metal
chlorides. The mixture of the Gd and Te powder with total weight of 1 g was
sealed in an evacuated quartz tube together with 2 g of the flux (LiCl:RbCl =1:1).
The quartz tube was kept at 650 ℃ for two days. Then the temperature was
gradually lowered to 540 ℃ in four days. The structure measurement was made
by X-ray diffraction method. The magnetic measurements were performed by
MPMS.
The single crystal GdTe3 were successfully prepared by flux method. It was
obtained as a reddish-yellow rectangular shape with a size of up to 3×3×0.1 mm3.
By X-ray diffraction of surface of flake-shaped GdTe3 single crystal, we found
(001) face of a weakly orthorhombic crystal structure (space group Cmcm),
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shown in Fig. 1-12. The lattice parameter c can be estimated from distance of
crystal face and it is equal to 2.5535 nm, near to the reference data c = 2.5540 nm
[13]. From the SEM picture, we can know that the sample formed single phase
and there is also a line. However, EDX data indicated form the same area that it
was single phase and the ratio of Gd and Te atoms was 1:2.98, near to 1:3. So it
is probable that two layers of flake-shaped GdTe3 caused the line.
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Figure 1-13. Temperature dependence of the magnetic susceptibility for
GdTe3.

Figure 1-13 shows Temperature dependence of the magnetic susceptibility for
GdTe3. A board cusp can be seen and there exists magnetic anisotropy with H⊥c
and H//c directions. In this compound, Gd3+ ion is magnetic and Te2- ion is
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diamagnetic. Taken the contribution (χ0) of ion core, diamagnetic and
background into consideration, the ZFC data above 100 K were fitted by the
Curie-Weiss law; the effective magnetic moments (𝜇eff ) were determined to be
7.83 𝜇B in H⊥c and 7.60 𝜇B in H//c, which were near to the theoretical value
7.97 𝜇B of per Gd ion, and the Weiss constant (𝜃) were -10.3 K and -5.29 K,
respectively. The difference 𝜇eff values in two directions indicated that
temperature dependence of the magnetization (H ⊥ c) of GdTe3 single crystal
in different magnetic field (F.C/Z.F.C) indicated that GdTe3 single crystal has one
small magnetic transition at 7 K and exist spin-glass like behavior in low
magnetic field (0.01 – 1 T), except antiferromagnetic transition in 11.5 K. For
high magnetic field (2 – 5 T), another antiferromagnetic transition can be seen
obviously at 9 K, with the small magnetic transition disappeared. This
phenomenon is good enough to support idea of two Neel temperature of GdTe3
with 11.3 K and 9.7 K.
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Figure 1-14. Temperature dependence of the magnetic susceptibility for
GdTe3 below 40 K.

By X-ray diffraction of surface of flake-shaped GdTe3 single crystal, we
found (001) face of a weakly orthorhombic crystal structure (space group Cmcm).
Figure 1-14 shows temperature dependence of the magnetic susceptibility of
GdTe3 single crystal in 1 T (F.C. / Z.F.C.) below 40 K. It can be seen that there is
a broad peak with maximum at 13 K and an inflection point at 9.5 K (H⊥c), and
that there exists another salient point at 11.5 K for H//c. This phenomenon is
good enough to support idea of two Neel temperature of GdTe3 with 11.3 K and
9.7 K. In addition, we also found a small anomaly at 7 K and ZFC-FC effect
below 7 K for H ⊥ c in 1 T. To further study, we measured temperature
dependence of the magnetic susceptibility (H⊥c) of GdTe3 single crystal in
different magnetic field within 7 T, shown like Figure 1-15 (a). It shows that a
valley appears at 8.8 K and ZFC-FC effect is observed below 8.8 K when the
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magnetic field turns to 2.6 T. Then, we consider that the valley is generated from
the small anomaly at 7 K. But we don’t know what the phenomena originate
from. To further study, we measured temperature dependence of the specific heat
(H⊥c) of GdTe3 single crystal in different magnetic field within 7 T, shown like
Figure 1-15 (b). The complicated phenomena also have been found in
temperature dependence of the specific heat.

2.0

2.6 T

1.4

C / arb. units

 / 10-1 emu mol-1

4T
3T

1.6

1.0

5T

H⊥c

3T

1.2

 H = 7 T

H⊥c

single crystal

5T

1.8

GdTe3 Single crystal

GdTe3

7T

1.6 T

2.6 T
2.3 T
2T
1T

2T
1T

0

(a)

no magnetic field

0H = 0.01 T

5

10

T/K

-1

10 J K mol

15

20

0

-1

5

(b)

10
T/K

15

20

Figure 1-15. Temperature dependence of the magnetic susceptibility (a) and
specific heat (b) for GdTe3

1.2 Purpose
In the family of transition-metal rare earth compounds, there still exist
no-studied areas and it is a possible that unknown substances may be hidden,
which exhibit novel physical properties leading to materials useful for the next
generation society. So in this study, we aimed to search for new rare earth
chalcogenides including transition metal. In this work, we have studied about the
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R-Ni-Te compounds (R = Gd, Tb). At first, we paid much attentions to that
Gd4NiTe2 is the first chalcogenide to exhibit infinite Gd6Ni2 double-chains, a
motif long known for lanthanide-iodides with the R3MI3 structure-type [44], as
shown in Fig. 1-16. What’s more, its physical properties have not been studied.
For this reason, we tried to prepare the single crystal of Gd4NiTe2. In that step,
we have discovered the new transition-metal rare earth chalcogenide Gd10NiTe9.
The detail process of single crystal growth will be discussed in section 2.3 and
section 3.1. Although study about the physical properties of Gd4NiTe2 is also
good research direction, a new transition-metal rare earth chalcogenide
Gd10NiTe9 is more attractive as an unknown substance. So the purpose of this
work is that our group investigated crystal structure of the new transition-metal
rare earth chalcogenide Gd10NiTe9 and studied about its physical properties. Then,
the reproducibility for this new compound will be discussed. After that, the case
of R = Tb will be discussed.

Figure 1-16. Crystal structure of Gd4NiTe2 and structure of Gd6Ni2
double-chains [44]
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Outline of this thesis is as follows:
(1) In chapter 1, the backgrounds of rare earth chalcogenides and transition-metal
rare earth compounds have been reported. Then, the purpose of this study was
given.
(2) The chapter 2 is about the preparation and measurement of Gd10NiTe9 and
Tb10NiTe9.
(3) The chapter 3 has three parts:
A. Discuss the single crystal growth of Gd10NiTe9.
B. Investigate crystal structure and physical properties of Gd10NiTe9.
C. Investigate crystal structure and physical properties of Tb10NiTe9.
(4) The chapter 4 is conclusion for this work.
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Chapter 2
Experimental techniques
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2.1 Preparation flow
Preparation for Gd-Ni-Te single crystal has three steps. At frist, R3Ni (R = Gd,
Tb) were prepared by using arc melting method (the detail preparation step will
be given in 2.2). Secondly, R2Te3 (R = Gd, Tb) were made by using solid-phase
synthesis (the detail preparation step will be given in 2.3). Then, the mixture of R,
R3Ni and R2Te3 (R = Gd, Tb) were wrapped in Mo foil and performed by high
temperature thermal treatment to obtain Gd-Ni-Te single crystal (the detail
preparation step will be given in 2.3). The preparation flow for Gd-Ni-Te single
crystal is shown as the followings in figure 2-1:

Figure 2-1 Preparation flow chart of Gd-Ni-Te single crystal.

2.2 Raw materials
The elementary-substance Ni, R (R = Gd, Tb) and Te were used as starting
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materials. Their form, purity and manufacturer were listed in table 2-1. A Mo foil
was also used in the preparation step. Its form, purity and manufacturer were
listed in table 2-2.

Table 2-1 The form, purity and manufacturer of the raw materials.
Formula

Form

Purity

Manufacturer

Gd

powder (-20 mesh)

99.9％

Tb

powder (-20 mesh)

99.9％

Furuuchi chemical

Ni

sheet (T = 0.1 mm)

99.95％

Furuuchi chemical

Te

Powder (-200 mesh)

99.99％

Furuuchi chemical

Furuuchi chemical

Table 2-2 The form, purity and manufacturer of Mo foil.
Formula

Form

Purity

Manufacturer

Mo

sheet (T = 0.05 mm)

99.95％

Furuuchi chemical

2.3 Experimental equipment
The obtained single crystals were performed structure measurements, Surface
observation, elemental analysis and physical properties measurement. The
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structure measurements were carried out using the Smart Lab X-ray
diffractometer (XRD, Rigaku Corp.) with Cu K𝛼 radiation and RINT RAPIDII
Imaging Plate X-ray diffractometer (IP-XRD, Rigaku Corp.) with Cu K𝛼
radiation. Surface observation and elemental analysis of single crystal were
performed by JSM-6610 Series Scanning Electron Microscope (SEM) with
Energy Dispersive X-ray analyzer (EDX) (JEOL Ltd.). Magnetic properties were
studied in the temperature range 2.0 – 340 K and within magnetic field of 7 T by
using Magnetic Properties Measurement System (MPMS, Quantum Design).
Electrical properties were measured in the temperature range 2.0 – 300 K without
magnetic field by using Physical Properties Measurement System (PPMS,
Quantum Design).

2.4 Preparation of R3Ni (R = Gd, Tb)
Considering the high melting point of nickel, the R3Ni was used as a resource
of Ni element. The R3Ni compound was prepared by arc melting Gd or Tb
powder and Ni sheet in atomic ratio of 3:1 under argon atmosphere (99.999 %).
Due to that the less Ni was used as a raw material, the nickel sheet is not enough
to warp the rare earth powder. Then, the nickel sheet just covered on the rare
earth powder at the beginning stage of art melting, as shown in figure 2-2 and
figure 2-3.
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(a)

(b)

Ni sheet

R = Gd/Tb Powder
Figure 2-2 A piece of Figure 2-3 The positions of raw materials for arc
round nickel sheet.

melting. (a) Actual photo of Ni and rare earth
powder in arc melting furnace. (b) Imagination
picture of their positions.

Subsequently, the obtained R3Ni was sealed in the test tube (borosilicate glass)
under the argon gas of 200 Torr and the button was annealed at 873 K for 7 days
under the argon atmosphere [45, 46]. The temperature program is shown in figure
2-4. After annealing, a button of R3Ni was obtained and need to be grounded into
powder for using in the next step.
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Figure 2-4 Temperature program for annealing R3Ni (R = Gd, Tb).

To confirm that the obtained samples are Gd3Ni and Tb3Ni, the powder X-ray
diffraction (XRD) pattern of them in figure 2-5 and figure 2-6 were analyzed.
The result is that both Gd3Ni and Tb3Ni have orthorhombic Fe3C-type structure
(space group Pnma) and the lattice constant a, b and c are close to the value from
PDF-card, as shown in table 2-3. No. 48-1557 and No. 48-1558 are for Gd3Ni
and Tb3Ni, respectively. It indicates that Gd3Ni and Tb3Ni were successfully
prepared.
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Figure 2-5 Powder X-ray diffraction pattern of Gd3Ni.
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Figure 2-6 Powder X-ray diffraction pattern of Tb3Ni.

43

70

80

Table 2-3 The comparison between lattice constant value of R3Ni sample and
that from PDF-card.
Lattice constant

a

b

c

Gd3Ni sample

0.6956

0.9686

0.6359

PDF-card

0.6950

0.9680

0.6360

Tb3Ni sample

0.6885

0.9578

0.6315

PDF-card

0.6890

0.9580

0.6320

(nm)

2.5 Preparation of R2Te3 (R = Gd, Tb)
The R2Te3 was used as a resource of Te element in this work. Preparation of
R2Te3 need to perform two steps. At first, the stoichiometric mixture of R and Te
powder was sealed in an evacuated quartz tube and heated at 1073 K for one day
[47]. Secondly, the resultant was ground at argon gas atmosphere in glove box,
resealed in an evacuated quartz tube and heated at 1313 K for 5 days. The
temperature program for the first step is shown in figure 2-7. After the first step,
the resultant is shown in figure 2-8. The sample seem to be a mixture of yellow
and blue powder. It agrees the result of ref. [47]. They may be RTe and RTe2. For
the second step, the temperature program is shown in figure 2-9.
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To confirm that the obtained samples are Gd2Te3 and Tb2Te3, the powder
X-ray diffraction (XRD) pattern of them in figure 2-10 and figure 2-11 were
analyzed. The result is that Gd2Te3 has orthorhombic Fe3C-type structure (space
group Pnma) and Tb2Te3 is with space group Fddd. the lattice constant a, b and c
are close to the value from PDF-card, as shown in table 2-4. No. 19-482 is for
Gd2Te3. In the case of Tb2Te3, it can be found from handbook of inorganic
substance 2017. It indicates that Gd2Te3 and Tb2Te3 were successfully prepared.

46

Intensity / arb . units

Gd2Te3 Powder
Space group: Pnma

20

30

40

50

2 / deg.

60

70

80

Figure 2-10 Powder X-ray diffraction pattern of Gd2Te3.
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Figure 2-11 Powder X-ray diffraction pattern of Tb2Te3.
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Table 2-4 Comparison between lattice constant value of R2Te3 sample and
that from PDF-card.
Lattice constant (nm)
Gd2Te3

sample

PDF-card

Tb2Te3

sample

PDF-card

a

b

c

0.6956

0.9686

0.6359

0.6950

0.9680

0.6360

0.6885

0.9578

0.6315

0.6890

0.9580

0.6320

2.6 Single crystal growth of R-Ni-Te (R = Gd, Tb)
R-Ni-Te single crystal was synthesized by heat treatment for the mixture of R,
R3Ni and R2Te3 with the ratio of 1.2: 2.536: 3. About the ratio, it will be discuss
in the part of 3.1. The preparation method was similar to those of Gd6NiTe2 [48]
and Gd4NiTe2 [44]. The total weight of raw materials was about 500 mg. In
accordance with the method reported in ref. [44], excess Gd (20 % of calculated
weight) was added to the stoichiometric mixture of starting materials. To prevent
tellurium attack to the quartz tube, the powder mixture of R, R3Ni and R2Te3 was
wrapped in Mo foil, shown in figure 2-12, and sealed in a quartz tube with argon
gas (150 – 250 torr), like figure 2-13, and the temperature was slowly raised to
1273 K: firstly heated to 823 K over 2 days and kept for 2 more days, then
gradually raised to 1273 K over 4 days. Subsequently, the temperature was kept
at 1273 K for 8 days, cooled down to 773 K over 4 days, and then naturally
cooled down to room temperature. The complicated temperature program can be
drawn as figure 2-14.
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R2Te3
R = Gd/Tb
Figure 2-12. the powder mixture of R, R3Ni and Figure 2-13. A quartz
R2Te3 was wrapped in Mo foil.
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Figure 2-14. The temperature program for the second step of
R2Te3-preparation.
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Chapter 3
Results and discussion
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3.1 Discussion about the result of Gd-Ni-Te single crystal growth
In the first stage of Gd-Ni-Te single crystal growth, we try to prepare
Gd4NiTe2 single crystal, the chemical equation can be written as:
Gd+4 Gd2Te3+Gd3Ni — 3 Gd4NiTe2+6 GdTe,
speculated form the ref. [44]. Then, in that paper, it also have been mentioned
that the excess Gd is better for growing single crystal. So we added 20% of Gd in
the mixture raw materials. What’s more, we took some mistakes on calculation
for Gd2Te3. So the final result of the ratio become 1.2 : 2.536 : 3.
From the resultant of Gd-Ni-Te single crystal growth, we have found three
single-crystal-like samples, as shown in Table 3-1. According to the result of
SEM-EDX analysis, there were Gd10NiTe9, Gd3Ni2, GdTe, respectively. The
Gd10NiTe9 is a new compound. The powder sample after taken out the
single-crystal-like samples was analyzed by XRD method, the result is shown in
figure 3-1. It indicates that there still exist a little raw materials Gd2Te3 and Gd.
Then, Gd3Ni2 and GdTe also have been found in powder sample.
Next, we discuss how the new ternary compound Gd10NiTe9 form. We know
that the content of Gd2Te3 turn to be less. In this situation, Gd4NiTe2 can’t be
grown and it will generate Gd10NiTe9. It can be considerable that the chemical
equations are as follows:
Gd+3 Gd2Te3+Gd3Ni — Gd10NiTe9,
3 Gd2Te3+ 2 Gd3Ni — Gd3Ni2+9 GdTe.
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Table 3-1. Obtained Single-crystal-like sample

Obtained Single-crystal-like sample
1

Aggregation
of cubic and
rectangular
crystal

Gray-dark

2

Film-like
crystal

gold

3

Plate-like
crystal

blue

Gd3Ni2

GdTe

Gd2 Te3

Gd2Te3
GdTe
& Gd3Ni
# Gd
Gd3Ni2

225 : Fm-3m

Gd Ni

62 : Pnma

Gd

194 : P63/mmc

**●

#

##

3

◯ ●

&&

●

*

##

Gd Te

◯

●

◯●

#
&

*

&

Gd Ni

*

*

●

●

3

20

30

62 : Pnma

●

Intensity / arb . units

Gd-Ni-Te Mixture (powder)

#

Gd10NiTe9

40

50

2 / deg.

60
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2

12 : C2/m

80

Figure 3-1. Powder X-ray diffraction pattern of Gd-Ni-Te Mixture. The
right table is formula and space group of samples.
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3.2 Single crystal growth and physical properties of new ternary compound
Gd10NiTe9
The weights of the sample 1 and sample 2 used in magnetic measurements
were 8.7×10-6 g and 9.8×10-6 g, which were evaluated from the sample volumes
of 0.10×0.07×0.11 and 0.14×0.07×0.11 mm3. The sample 1 and sample 2 are
marked # 1 and # 2 in this paper, respectively.
3.2.1 Elemental analysis
Single crystals of Gd-Ni-Te were synthesized by heat treatment for the mixture
of Gd, Gd3Ni and Gd2Te3 (1:1:3). From the heat treatment product, aggregations
of rectangular or cubic dark-grey single crystals with a shine were obtained (Fig.
3-2 (a)). An electrical conductivity of the sample was confirmed by a circuit
tester. A piece of sample was picked up from the aggregation and analyzed by
SEM/EDX, as seen in Fig. 3-2 (b). In this picture, we can see a rectangular single
crystal and a cubic single crystal (circled). The EDX spectra of the rectangular
area in Fig. 3-2 (b) are shown in Fig. 3-2 (c). The EDX spectral peaks were
observed at 0.91, 1.20, 1.40, 1.57, 5.38, 6.02, 6.70, 6.82, 7.10, 7.79, 8.10 keV for
Gd, 0.43, 0.58, 3.35, 3.78, 4.02, 4.30, 4.58, 4.85, 4.90 keV for Te and 0.72, 0.85,
7.45, 8.26 keV for Ni, respectively. The values of the elemental analysis for the
rectangular single crystal are Gd = 49.44 %, Te = 45.29 % and Ni = 5.26 %.
Therefore, the ratio Gd, Ni and Te is considered to be 10:1:9 as same as the ratio
in the mixture of the starting materials. Hereafter, we call this compound
Gd10NiTe9 in this work.
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a
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cps/eV

c
Platform 1

KeV

Figure 3-2. (a) SEM image of an aggregation, (b) SEM image of a small
aggregation, (c) EDX spectra of Gd10NiTe9. The spectra image (c) was
taken for the rectangular area shown in the image (b).

3.2.2 Analysis of crystal structure
It was reported that the GdTe was crystallized in NaCl-type structure with
space group Fm-3m [49]. If we imagine that the one Te atom is replaced with one
Ni atom in Gd10Te10 (ten formula units of GdTe), the chemical formula can be
precisely written as Gd10NiTe9. We have considered the crystal structure model in
which the Ni atoms occupy the ordered sites. Fig. 3-3 shows the crystal structure
of GdTe viewed from the c-axis direction. Here, the large purple circles represent
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Gd atoms and the small yellow circles are Te atoms. The square drawn by solid
lines shows a normal unit cell. If we change an area in the ab-plane of the unit
cell as the square drawn by broken lines, there exist 10 Gd atoms and 10 Te
atoms in the modified unit cell. Thus, the replacement of one Te atom by one Ni
atom gives the formula unit of Gd10NiTe9. If the Ni atom occupies a fixed Te site,
the modified unit cell can be drawn as Fig. 3-4. The red small circle centered in
the unit cell is Ni atom. This tetragonal crystal structure (a = b ≠ c) belongs to the
space group P-4. If the Ni cite orders in such a way, we may observe the
reflections from the crystal planes of a tetragonal crystal structure. However, if
the Ni atoms are distributed randomly, we observe only reflections originating
from a cubic crystal structure.
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c

a

c

a

Figure 3-3. Crystal structure of Figure 3-4. A model for the crystal
GdTe with space group Fm-3m structure of Gd10NiTe9. The small
(NaCl type) viewed from the c-axis red circle represents a Ni atom. This
direction. The large purple circles and tetragonal system belongs to the space
the small yellow circles represent Gd group P-4 and has a ratio of a:c =
and Te atoms, respectively. The solid √10:2.
line square shows an area of the unit
cell in the ab-plane. The inclined
square drawn by broken lines shows
an area of a modified unit cell.
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Figure 3-5. XRD and IP-XRD pattern of Gd10NiTe9 at room temperature.
The pattern for GdTe from “Powder Diffraction Files” (PDF) is shown for
comparison (bottom curve).

Smart-Lab XRD pattern data of the flat surface of Gd10NiTe9 single crystal
shows only one sharp peak at about 2θ = 29 degree, as shown in the middle curve
of Fig. 3-5. Furthermore, IP-XRD measurement was performed and the data are
shown as the top curve of Fig. 3-5. The IP-XRD pattern resembles the bottom
curve which is drawn based on the PDF#00-030-0560 for GdTe having
NaCl-type structure with space group Fm-3m. Slight differences are observed;
namely, the small peak of (400) for GdTe is not observed and the relative
intensity ratio of (422) peak is greater than that for GdTe. Therefore, it is
considered that a new ternary compound Gd10NiTe9 having NaCl-type crystal
structure was synthesized. Since no peak originating from a tetragonal structure
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is observed, the crystal system of Gd10NiTe9 is not tetragonal as shown in Fig.
3-4 but cubic as shown in Fig. 3-3. We have concluded that Te atoms in GdTe are
partly (one in ten) replaced with Ni atoms, and such replacement occurs at
random sites. The lattice constant a = 0.6146 nm was estimated from IP-XRD
analysis for Gd10NiTe9. It is very close to 0.6140 nm for GdTe [50]. The sharp
peak at about 2θ = 29 degrees in Smart-Lab XRD pattern is attributed to (200)
plane. Thus, the flat surface of the Gd10NiTe9 single crystal used is (100) plane of
the cubic crystal system.
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Figure 3-6. (a) Temperature dependence of the molar magnetization of
GdNi0.1Te0.9 single crystal (Z.F.C. and F.C.). (b) Temperature dependence of
the dM/dT. (c) Temperature dependence of the reciprocal susceptibility. (d)
Temperature dependence of the molar magnetization in the magnetic field of
0.1, 0.5 and 1 T.

3.2.3 Magnetic properties
The temperature dependence of magnetization (M vs. T) for the Gd10NiTe9
single crystal measured under a magnetic field of 0.1 T is presented in Fig. 3-6
(a). It should be noted that we evaluate the molar magnetization for the chemical
formula unit GdNi0.1Te0.9 in Fig. 3-6 (a)-(d). The magnetic field of 0.1 T was
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applied perpendicularly to the (100) plane in both processes of zero field cooling
(Z.F.C.) and field cooling (F.C.). Since the GdNi0.1Te0.9 has a cubic symmetry, the
applied magnetic field is parallel to the a-axis in other words. A magnetic
transition from high-temperature paramagnetic (PM) state to low-temperature
ferromagnetic (FM) state can be observed around 170 K, as shown in Fig. 3-6 (a).
There is no splitting around 170 K between Z.F.C. and F.C. curves. The small
thermomagnetic irreversibility below 80 K can be seen between those curves. A
change of magnetization with the ferromagnetic transition can be evaluated as
0.95×103 emu/mol and it is corresponds to 1.8 μB per chemical formula unit of
Gd10NiTe9. Although it has been mentioned above that the crystal structure model
considered in Fig. 3-4 does not materialize, the aspect of spatial distribution of Ni
atoms can be considered close to that in the picture. In such situation, the Ni
atoms are apart from each other. Thus, it is considered that the 3d electrons in the
Ni atom are localized. In this NaCl-type structure, the Te atoms are surrounded
by Gd atoms. The Ni atoms in the Gd10NiTe9 might be located on the Te site, thus
the Ni atoms are coordinated by six Gd atoms octahedrally. Therefore, crystalline
electric field on the Ni site brings about the energy level splitting into the dγ
(doublet, low energy) and dε (triplet, high energy). Either way, the electron
configuration of 3d 8 gives rise to S = 1. The magnetization change of 1.8 μB is
close to the full moment of Ni and it seems to be reasonable that the magnetic
moments of Ni orders nearly parallel to the direction of magnetic field. Moreover,
since the GdTe without doping of Ni exhibits an antiferromagnetic transition at
the temperature of 50 - 90 K [49-52], it is improbable that the Gd moments order
ferromagnetically at 170 K.
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We determined the Curie temperature TC = 168 K at which the M vs. T has
an inflection point in μ0H = 0.1 T, as shown in Fig. 3-6 (b). Fig. 3-6 (c) shows the
temperature dependence of reciprocal magnetic susceptibility (χ -1 vs. T) under a
magnetic field of 0.1 T and in a temperature range of 2 – 340 K. Here, the
temperature independent magnetization M0 arising out of Pauli paramagnetism
was subtracted from M. Hence, the reciprocal susceptibility χ -1 is represented by
H/(M-M0). The M0 has been evaluated as 0.8 emu/mol from M vs. T -1. The
reciprocal susceptibility χ -1 in the temperature range T > 200 K obeys the Curie–
Weiss law:
𝜒 −1 =

𝑇−𝜃
𝐶

,

(1)

where C is the molar Curie constant. The effective magnetic moment μeff =
[3kBC/N0]1/2 and the asymptotic Curie temperature θ were estimated from the
linear fitting to the higher temperature data as 7.98 μB/f.u. and 126 K,
respectively. Here, kB is the Boltzmann constant, N0 is the Avogadro constant and
μB is the Bohr magneton. The estimated value of μeff is close to that of the
theoretical value 7.99 μB, which is calculated from the equation μeff = [μeff (Gd)2 +
0.1μeff (Ni)2]1/2 = [(7.94)2 + 0.1×(2.83)2]1/2 μB. The positive value of θ confirms
the existence of ferromagnetic interaction in Gd10NiTe9 under μ0H = 0.1 T. To
investigate the effects of magnetic field on the magnetic transition in M vs. T, the
magnetic measurement was performed under the magnetic field of 0.1, 0.5 and 1
T in the temperature range from 100 to 300 K, as shown in Fig. 3-6 (d). It should
be noted that the data for 0.1 and 1 T are taken using sample #1 and the data for
0.5 T are from sample #2. The samples #1 and #2 were taken from the same
aggregation of single crystals. In the case of μ0H = 1 T, the magnetization
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increases without saturating while decreasing temperature, then the M goes up to
4.58 emu/mol at 100 K. This value corresponds to the magnetic moment of 0.93
μB for a chemical formula unit of GdNi0.1Te0.9. It is larger than 0.2 μB; full
moment of Ni. The slope of this curve for 1 T becomes steeper around 170 K,
therefore a weak ferromagnetic state brought about by both Ni and Gd atoms
might appear in the low temperature range. Surprisingly, the magnetization for
μ0H = 0.5 T is smaller than that for 0.1 T in the temperature below 190 K. This
strange behavior was confirmed also in the measurement using the same sample
#2. Fig. 3-7 shows the magnetization in the magnetic field of 0.1 and 0.5 T. The
magnetization of sample #2 for μ0H = 0.1 T are close to that of sample #1. It
demonstrates that there is no sample dependence among our samples of
Gd10NiTe9. The dashed curve in Fig. 6 was drawn by using the values of C = 7.98
cm3/mol and θ = -172 K. The C has been evaluated from
2
𝐶 = 𝜇eff
∙

𝑁0
3𝑘B

2
= 𝑛 ∙ 𝑝eff
∙

2
𝑁0 𝜇B

3𝑘B

2
2
2 ]
≅ 𝑛𝑝eff
/8 .00 = [𝑝Gd
+ 0.1𝑝Ni
/8.00,

(2)

with pGd =7.94 and pNi = 2.83, where the n and peff are the number of magnetic
atoms per formula unit and effective Bohr magneton number, respectively. The
Curie-Weiss constant θ was obtained from the fitting of Eq. (1) to the data of
reciprocal magnetic susceptibility of GdNi0.1Te0.9 for μ0H = 0.5 T in the
temperature range of 200-300 K. The negative value of θ suggests that there
exists dominant antiferromagnetic interaction in the high temperature range
under the magnetic field of 0.5 T. It should be pointed out that the sign of θ turns
to minus from plus when the magnetic field changes to 0.5 T from 0.1 T. In other
words, the dominant magnetic interaction in the high temperature range changes
to antiferromagnetic from ferromagnetic during the magnetic field changes to
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0.5 T from 0.1 T. The experimental curve for 0.5 T deviates upward from the
calculated curve below 200 K. It demonstrates that the partial ferromagnetically
ordered state might appear below 200 K. Perhaps it is brought about by
cooperative interaction of Gd and Ni. The curve for 0.5 T shows upturn below
about 20 K. It suggests that there exist free paramagnetic Gd atoms, partially.
Why is the magnetization in the magnetic field of 0.5 T smaller than that in
0.1 T below about 200 K? Let us consider this issue from the magnetization
curve in the field up to 7 T at 2 K shown in Fig. 3-8. In the field-increasing and
field-decreasing processes, there is obvious magnetic hysteresis. It should be
pointed out that there exists a local maximum in the field-increasing curve at the
magnetic field of 0.1 T, clearly seen in the inset of Fig. 3-8. When the magnetic
field increases up to 0.1 T, the magnetization goes up linearly to 0.2 μB. It shows
that the magnetic field of 0.1 T is necessary to saturate the Ni moment. After the
saturation of Ni moment, surprisingly, the magnetization decreases with
increasing magnetic field. Consequently, it goes to zero at μ0H = 0.2 T. It is
considered that all the magnetic moments of Gd and Ni are ordered
antiferromagnetically. After then the magnetization curve shows a slight increase
with increasing magnetic field up to 0.45 T. It suggests inclining of ordered
magnetic moments toward magnetic field direction.
Above the field of 0.45 T, the magnetization shows steep rising. The slope of
the curve gradually becomes dull with increasing field and it tends to saturate at
the field larger than 6 T. The magnetic moment per chemical formula unit
GdNi0.1Te0.9 is equal to 1.87 μB at μ0H = 7 T. This value is much smaller than the
theoretical saturation moment 7.2 μB of GdNi0.1Te0.9 and larger than 0.2 μB of
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0.1Ni. A ferromagnetic state involving neighbor Gd moments around Ni
moments might emerge owing to introduction of Ni into antiferromagnetic GdTe.
The magnetization decreases in the field-decreasing process; however, its curve
disagrees with the field-increasing curve. The magnetization dose not reach zero
unless the magnetic field goes down to zero. Therefore, the magnetization curves
of Gd10NiTe9 demonstrate a large magnetic hysteresis as shown in Fig. 3-8. Some
small jumps are observed in these curves. It suggests that discontinuous changes
occur in the Gd10NiTe9 single crystal. Random distribution of Ni atoms might
affect such discontinuous changes and existence of some isolated paramagnetic
Gd moments.
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Figure 3-7. Temperature dependence of the magnetization of GdNi0.1Te0.9
single crystal (sample #2) in the magnetic field of 0.1 and 0.5 T.
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Figure 3-8. Magnetization curves of GdNi0.1Te0.9 single crystal (sample #2).
The vertical axis M/N0μB corresponds to the magnitude of the magnetic
moment per chemical formula unit GdNi0.1Te0.9. The inset is an enlargement of
magnetization curves in the magnetic field range of 0 – 1 T.

3.2.4 Reproducibility of Gd10NiTe9
Same aggregation and rectangular crystals has been found in the second group,
as shown in figure 3-9. In the second group, the ratio Gd, Ni and Te is 10:1:9.
From figure 3-10 the samples in the first and second group exhibit the same
magnetic properties. It indicates that Gd10NiTe9 have Reproducibility.
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First group

Second group

Figure 3-9 First- and second- group photo and SEM-images
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Figure 3-10. Magnetic properties check for the first and second groups
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3.2.5 Temperature dependence of resistivity for Gd10NiTe9
In compound Gd10NiTe9, electrical resistivity is about 104 times greater than
conventional metal at room temperature. Temperature dependence of electrical
resistivity is extremely weak, and the value of electric resistivity hardly changes
down to about 50 K. Temperature dependence of electrical resistance and
resistivity shows a sharp rise below about 50 K (Fig. 3-11). It may be an
experimental error.
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Figure 3-11. Temperature dependence of electrical resistance and resistivity
for Gd10NiTe9

3.3 Single crystal growth and physical properties of new ternary compound
Tb10NiTe9
3.3.1 Elemental analysis
Single crystals of Tb-Ni-Te were synthesized by heat treatment for the mixture
of Tb, Tb 3Ni and Tb 2Te3. From the heat treatment product, aggregations of
rectangular or cubic dark-grey single crystals with a shine were obtained (Fig.
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300

3-12 (a)). An electrical conductivity of the sample was confirmed by a circuit
tester. A piece of sample was picked up from the aggregation and analyzed by
SEM/EDX, as seen in Fig. 3-12 (b). In this picture, we can see a rectangular
single crystal. The EDX spectra of the rectangular area in Fig. 3-12 (b) are shown
in Fig. 3-12 (c). The EDX spectral peaks were observed at 1.24, 1.42, 5.57, 5.38,
6.02, 6.70, 6.82, 7.10, 7.79, 8.10 keV for Tb, 0.43, 0.58, 3.35, 3.78, 4.02, 4.30,
4.58, 4.85, 4.90 keV for Te and 0.72, 0.85, 7.45, 8.26 keV for Ni, respectively.
The values of the elemental analysis for the rectangular single crystal are Tb =
49.45 %, Te = 45.36 % and Ni = 5.18 %. Therefore, the ratio Tb, Ni and Te is
considered to be 10:1:9 as same as the ratio in the mixture of the starting
materials. Hereafter, we call this compound Tb 10NiTe9 in this work.
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Figure 3-12. (a) SEM image of an aggregation, (b) SEM image of a small
aggregation (c) EDX spectra of Tb 10NiTe9. The spectra image (c) was taken
for the rectangular area shown in the image (b).

3.3.2 Analysis of crystal structure
It was reported that the TbTe was crystallized in NaCl-type structure with
space group Fm-3m [53]. If we imagine that the one Te atom is replaced with one
Ni atom in Tb10Te10 (ten formula units of TbTe), the chemical formula can be
precisely written as Tb10NiTe9. We have considered the crystal structure model in
which the Ni atoms occupy the ordered sites.
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Figure 3-13. XRD and IP-XRD pattern of Tb10NiTe9 at room temperature.
The pattern for TbTe from “Powder Diffraction Files” (PDF) is shown for
comparison (bottom curve).

Smart-Lab XRD pattern data of the flat surface of Tb10NiTe9 single crystal
shows only one sharp peak at about 2θ = 29 degree, as shown in the middle curve
of Fig. 3-13. Furthermore, IP-XRD measurement was performed and the data are
shown as the top curve of Fig. 3-13. The IP-XRD pattern resembles the bottom
curve which is drawn based on the PDF#03-065-9617 for TbTe having
NaCl-type structure with space group Fm-3m. Therefore, it is considered that a
new ternary compound Tb10NiTe9 having NaCl-type crystal structure was
synthesized. We have concluded that Te atoms in TbTe are partly (one in ten)
replaced with Ni atoms, and such replacement occurs at random sites. The lattice
constant a = 0.6150 nm was estimated from IP-XRD analysis for Tb10NiTe9. It is
very close to 0.6110 nm for TbTe [53]. The sharp peak at about 2θ = 29 degrees
70

in Smart-Lab XRD pattern is attributed to (200) plane. Thus, the flat surface of
the Tb10NiTe9 single crystal used is (100) plane of the cubic crystal system.
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Figure 3-14. Magnetic properties of Tb10NiTe9. (a) and (b) Temperature
dependence of the molar magnetization of TbNi0.1Te0.9 single crystal (Z.F.C.
and F.C.). (c) Temperature dependence of the reciprocal susceptibility. (d)
Temperature dependence of the molar magnetization in the magnetic field of
0.1, 0.5 and 1 T.
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3.3.3 Magnetic properties
The temperature dependence of magnetization (M vs. T) for the Tb10NiTe9
single crystal measured under a magnetic field of 0.1 T is presented in Fig. 3-14
(a). It should be noted that we evaluate the molar magnetization for the chemical
formula unit TbNi0.1Te0.9 in Fig. 3-14 (a)-(d). The magnetic field of 0.1 T was
applied perpendicularly to the (100) plane in both processes of zero field cooling
(Z.F.C.) and field cooling (F.C.). Since the TbNi0.1Te0.9 has a cubic symmetry, the
applied magnetic field is parallel to the a-axis in other words. Sucssive magnetic
transition can be observed below 120 K, as shown in Fig. 3-14 (a). There is a
splitting below 100 K between Z.F.C. and F.C. curves Fig. 3-14 (b). Although it
has been mentioned above that the crystal structure model considered in
Gd10NiTe9 does not materialize, the aspect of spatial distribution of Ni atoms can
be considered close to that in the picture. In such situation, the Ni atoms are apart
from each other. Thus, it is considered that the 3d electrons in the Ni atom are
localized. In this NaCl-type structure, the Te atoms are surrounded by Tb atoms.
The Ni atoms in the Tb10NiTe9 might be located on the Te site, thus the Ni atoms
are coordinated by six Tb atoms octahedrally. Therefore, crystalline electric field
on the Ni site brings about the energy level splitting into the dγ (doublet, low
energy) and dε (triplet, high energy). Either way, the electron configuration of
3d 8 gives rise to S = 1. The magnetization change of 1.7 μB is close to the full
moment of Ni and it seems to be reasonable that the magnetic moments of Ni
orders nearly parallel to the direction of magnetic field. Moreover, since the TbTe
without doping of Ni exhibits an antiferromagnetic transition at the temperature
of 60 K [53], it is improbable that the Tb moments order ferromagnetically at 100
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K.
Figure 3-14 (c) shows the temperature dependence of reciprocal magnetic
susceptibility (χ -1 vs. T) under a magnetic field of 0.1 T and in a temperature
range of 2 – 300 K. Here, the temperature independent magnetization M0 arising
out of Pauli paramagnetism was subtracted from M. Hence, the reciprocal
susceptibility χ -1 is represented by H/(M-M0). The M0 has been evaluated as
0.52 emu/mol from M vs. T -1. The reciprocal susceptibility χ -1 in the temperature
range T > 200 K obeys the Curie–Weiss law:
𝜒 −1 =

𝑇−𝜃
𝐶

,

(1)

where C is the molar Curie constant. The effective magnetic moment μeff =
[3kBC/N0]1/2 and the asymptotic Curie temperature θ were estimated from the
linear fitting to the higher temperature data as 9.74 μB/f.u. and -104 K,
respectively. Here, kB is the Boltzmann constant, N0 is the Avogadro constant and
μB is the Bohr magneton. The estimated value of μeff is close to that of the
theoretical value 9.74 μB, which is calculated from the equation μeff = [μeff (Tb)2 +
0.1μeff (Ni)2]1/2 = [(9.72)2 + 0.1×(2.83)2]1/2 μB. The nagetive value of θ confirms
the existence of antiferromagnetic interaction in Tb10NiTe9 under μ0H = 0.1 T. In
low temperature range, the value of blue fitting line is bigger than that of the
sample curve. It indicates that a part of ferromagnetic contribution exist in the
lower temperature range. To investigate the effects of magnetic field on the
successive magnetic transition in M vs. T, the magnetic measurement was
performed under the magnetic field of 0.1, 0.5 and 1 T in the temperature range
from 2 to 300 K, as shown in Fig. 3-14 (d). With the magnetic field increasing,
the splitting between Z.F.C. and F.C. curves become weaken in lower
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temperature range. Perhaps it is brought about by cooperative interaction of Tb
and Ni.
In order to investigate the successive magnetic transiton, we consider this
issue from the magnetization curve in the field up to 7 T at 2 K shown in Fig.
3-15. In the field-increasing and field-decreasing processes, there is obvious
magnetic hysteresis. Magnetization curve shows increase with increasing
magnetic field. It suggests inclining of ordered magnetic moments toward
magnetic field direction. We also measured the sample of Tb10NiTe9 at 5 and 10
K. The slope of the curve gradually becomes dull with increasing temperature.
The magnetic moment per chemical formula unit TbNi0.1Te0.9 is equal to 2.36 μB
at μ0H = 7 T. This value is much smaller than the theoretical saturation moment
9.72 μB of TbNi0.1Te0.9 and larger than 0.2 μB of 0.1Ni. A ferromagnetic state
involving neighbor Tb moments around Ni moments might emerge owing to
introduction of Ni into antiferromagnetic TbTe. The magnetization decreases in
the

field-decreasing

process;

however,

its

curve

disagrees

with

the

field-increasing curve. The magnetization dose not reach zero unless the
magnetic field goes down to zero. Therefore, the magnetization curves of
Tb10NiTe9 demonstrate a large magnetic hysteresis as shown in Figure 3-15 and
3-16. Some small jumps are observed in these curves. It suggests that
discontinuous changes occur in the Tb10NiTe9 single crystal. Random distribution
of Ni atoms might affect such discontinuous changes and existence of some
isolated paramagnetic Tb moments.
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3.3.4 Temperature dependence of resistivity for Tb10NiTe9
In compound Tb10NiTe9, electrical resistivity is about 104 times greater than
conventional metal at room temperature. Temperature dependence of electrical
resistivity is extremely weak, and the value of electric resistivity hardly changes
down to about 50 K. Temperature dependence of electrical resistance and
resistivity shows a sharp rise below about 50 K and small anomaly at 105 K (Fig.
3-17). The anomaly may correspond to the peak in temperature dependence of
magnetic susceptibility.
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Figure 3-17. Temperature dependence of electrical resistance and resistivity
for Tb10NiTe9
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Chapter 4
Conclusions
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Based on the attractive physical properties of rare earth chalcogenides, a new
rare earth chalcogenide including transition metal was considered in this work.
We aimed to search for new rare earth chalcogenides including transition metal.
As a result, I discovered new transition-metal rare earth chalcogenides R10NiTe9
(R = Gd, Tb) and investigated their magnetic and electrical properties in detail. It
can be summarized as follows:
Single crystals of R10NiTe9 were grown by heat treatment of a mixture of R,
R3Ni and R2Te3. SEM-EDX analysis confirmed that the ratio of R, Ni and Te was
about 10: 1: 9. XRD analysis revealed that the obtained single crystal was
NaCl-type structure with space group Fm-3m at room temperature. It was
concluded that in this structure Ni was randomly substituted Te in a ratio of 1 per
10. In terms of magnetism, the following points have been clarified. (A) In the
case of Gd10NiTe9, (1) it exhibits a ferromagnetic transition at 168 K. It implies
that I succeeded in emerging ferromagnetism at high temperature by slightly
incorporating Ni into GdTe having an antiferromagnetism at a lower temperature.
(2) In the magnetization process at low temperature, it has been found that there
is a region where the magnetization decreases with increasing the magnetic field.
It was also concluded to be cooperative between the rare earth element Gd and
the transition metal element Ni. (B) For Tb10NiTe9, (1) Two peaks suggesting
successive magnetic transitions were found below 120 K in the temperature
dependence of magnetization. (2) A remarkable FC / ZFC effect was found below
a temperature at which the high temperature side magnetic transition occurs. As
for electrical conductivity, the followings were clarified. In both compounds
Gd10NiTe9 and Tb10NiTe9, (1) electrical resistivity is about 104 times greater than
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conventional metal at room temperature. (2) Temperature dependence of
electrical resistivity is extremely weak, and the value of electric resistivity hardly
changes down to about 50 K. (3) Temperature dependence of electrical resistivity
shows a sharp rise below about 50 K.
As mentioned above, single crystals of Gd10NiTe9 and Tb10NiTe9 were
successfully grown, as new rare earth chalcogenides including Ni, and exhibited
novel physical properties on magnetism and electrical conductivity. This result
seems to open up a new way to study deepened physical properties of the present
compounds, research on physical properties in new compound group R10NiTe9
and develop new materials.
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