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Abstract

Itinerant electron metamagnetism (IEM) means a magnetic transition from a Pauli paramagnetic state to a
ferromagnetic state induced by a magnetic field. We notice that the itinerant electron metamagnetic materials
are suitable systems to compare physical properties between the ferromagnetic and paramagnetic states, because
both states are realized depending on a magnetic field at the same temperature. In the present study, we focus
on Hall effect. It is known that the Hall effect of magnetic materials consists of the normal Hall effect (NHE)
and the anomalous Hall effect (AHE). The former reflects the electronic structure near the Fermi level, whereas
the latter is proportional to the magnetization M. In the ferromagnetic state, the NHE and AHE can be separated.
However, it is difficult to separate these two terms in the paramagnetic state, because both are proportional to
M. In the present study, we found that IEM enables us to determine the normal Hall coefficients in both the
ferromagnetic and paramagnetic states simultaneously, under the assumption that the anomalous Hall coefficient
is independent of the magnetic state.

In Chapter 3, we explained our analytical method and apply it to the Hall resistivity of Co(Si..Sex).. We
successfully determined the normal Hall coefficients of both ferromagnetic and paramagnetic states. The
validity of the assumption on the AHE was also checked. The electronic structure was calculated for CoS; and
CoSe; by full-potential linearized-augmented-plane-wave (FLAPW) method. The normal Hall coefficients were
evaluated theoretically for nonmagnetic and ferromagnetic state of CoS,, and they are compared with the
experimental results. The difference between the calculated results and the experimental ones were discussed.

Hall effect of Lu(Coo.91Alo09)2, LuCos and ErCo, were described in Chapter 4. Our analytical method was
applied to the Hall resistivity of Lu(Coo.91Alo.09)2. The energy band calculations were performed for nonmagnetic
and ferromagnetic state of LuCo,. The calculated normal Hall coefficients were compared with the experimental
results of these compounds. For ErCo,, we used a conventional method to analyze the Hall resistivity, because
the above assumption on the AHE is not valid. It was found that the anomalous Hall coefficient changes the
sign from positive to negative at the Curie temperature. The origin of this sign change was discussed.

Chapter 5 gives the experimental data of Hall effect of La(Fe;.Six)3. The measurements were carried out at
pressures of 0.5 and 1.0 GPa, because high pressures make the itinerant electron metamagnetic transition
temperature lower. By applying the conventional method, we estimated the normal Hall coefficient in the
ferromagnetic state. The results were discussed in the framework of two carrier model. These compounds show
large AHE. The origin of AHE of this system was discussed by referring the previous work reported by
Karpenkov et al. These compounds show positive magnetoresistance (MR). We also discussed the origin of
positive MR on the basis of the electronic structure.

Finally, the conclusions were given in Chapter 6.
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Chapter 1 Introduction

1.1 Itinerant electron metamagnetism (IEM)

A sudden increase in magnetization upon the application of a magnetic field is called metamagnetism. This
is schematically shown in Fig. 1-1. Originally, metamagnetism means a magnetic transition from an
antiferromagnetic state to a ferromagnetic state in the magnetization process. This is a first-order magnetic
transition (FOMT) accompanied by a hysteresis. The metamagnetic behavior is also observed for metallic
systems. In 1962, Wohlfarth and Rhodes predicted that a ferromagnetic state can be induced by a magnetic field
for some metallic paramagnets [1]. This is a transition from a Pauli paramagnetic state to a ferromagnetic state
and it is called itinerant electron metamagnetism (IEM). It is known that a peculiar energy band structure near
the Fermi level is responsible for the onset of IEM [2]. When the Fermi level &F is situated at the bottom of a
valley or at the foot of a peak in the density of states (DOS), as shown in Fig. 1-2, IEM can take place. This is
because the application of a magnetic field increases the total density of states at gr, D(er,) which is favorable

to satisfy the Stoner condition for the onset of ferromagnetism.
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Fig. 1-1 Schematic illustration of metamagnetism.

Typical examples of IEM are Co(Si.Sey)2, RCo, (R = rare earth elements) and La(Fe,..Siy)13. The magnetic
properties of these systems will be described in sections 1.3-1.5. IEM was reported not only for 3d electron
systems, but also for 4d (Sr;Ru,07) and 5 (UCoAl) electron systems [3, 4]. In the last two decades, IEM has
attracted attention for the application to materials science. Some 3d transition metal systems showing [EM have
large magnetocaloric effects [5, 6]. These compounds are considered as potential candidates of working material
of magnetic refrigeration near room temperature. On the other hand, new materials exhibiting IEM have been

reported still recently, such as FesMosN [7], Sri«Ca,Co,P> [8], and LaFe2B¢ [9]. Thus, IEM is extensively
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studied from both the fundamental and applied aspects, currently. It should be noted that the material showing
IEM is a suitable system to compare physical properties between the ferromagnetic and paramagnetic states,
because both states can be realized depending on a magnetic field at the same temperature. In this thesis, we

focus on Hall effect of itinerant electron metamagnetic systems.
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Fig. 1-2 Typical DOS curves which are favorable for onset of IEM. Here, ¢r is the Fermi level in the paramagnetic state

and g7 and gF mean the Fermi level of up-spin and down-spin bands in the induced ferromagnetic state, respectively.

1.2  Theoretical background

Wohlfarth and Rhodes predicted IEM using a phenomenological Landau theory [1]. Shimizu discussed
rigorous conditions for the onset of IEM [10]. In 1990's, Yamada extended the theory of IEM to finite
temperatures by taking the effects of spin fluctuations into account [11]. In this section, we summarize the theory
of IEM.

First, we review the theory of IEM at absolute zero (7 = 0). In the Landau theory, the magnetic part of the

free energy AF can be expanded as a power series in the magnetization M,
2 4 6
AF(M)=2aM*+ibM"+3cM”, (1.1)

where a, b and ¢ are Landau expansion coefficients depending on the electronic structure near the Fermi level.
When a >0, 5 <0, ¢ >0 and ac/b* < 3/16, AF(M) has two minima at M = 0 and at a finite value of M = M, with
AF(My) < AF(0) . The magnetic equation of state is expressed as,

dAF

——=H=aM +bM?*+cM°. (1.2)
dM



The condition for the occurrence of IEM is given by,

3 ac 9
a>0,b<0,¢>0, and —<—<—. (1.3)
16 b° 20
This is obtained by the condition that the transition field Hc is positive. As shown in Fig. 1-3, a vertical line at

Hc is drawn such that the two areas marked by the circles are equal from Maxwell construction.

Fig.1-3 Schematic illustration of eq. (1.2). Curves (1), (2) and (3) correspond to ac/b?> = 3/16, 3/16 < ac/b* < 9/20, and ac/b*
= 9/20, respectively [2].

At finite temperatures, the scenario is almost the same, but Landau expansion coefficients are dependent on

temperature by the effect of spin fluctuations.
H=ATM+B(MM*+C(T)M?, (1.4)

where,
A(T) =a+3bg(T)* +$cg(T)",
B(T)=b+%cg(T)?, (1.5)
C(M)=c.



Here, £(T)? is the mean square amplitude of thermal spin fluctuations. It is known that (7)? is proportional to
T at low temperatures and to T at high temperatures. Since &(7)? increases monotonically with increasing

temperature, we can discuss [EM qualitatively. The condition for the occurrence of IEM is similar to eq. (1.2),

3 _AMCT)_9
A(T)>0, B(T)<0, C(T)>0, and E<W<%. (1.6)

We introduce four important temperatures. Temperature dependence of the magnetic susceptibility y is given

by,

1 (1.7)

A(T)
We define Tmax as the temperature, where  has a maximum. &(Tmay) 2 is written as,
3 b
2
=—1-, 1.8
&M ) 14 c (1.8)

The condition A(T)C(T)/ BX(T) = 9/20 gives the temperature To, at which IEM disappears. &(70)is given by,

o e yef1 [0 [ 5
&J(I-O) _aa-max) (1 \/; b2 28} (19)

The condition A4(T)C(T)/ BXT) = 3/16 gives the temperature 71, at which a ferromagnetic state is realized.
E(Th)?is given by,

&(T)? =a(rmax)2[1—4ﬁ ?—238] (1.10)

It is easy to show &(T1)? < &(T0)? < &(Tmax)*. This fact means 71 < To< Tmax. Substituting eq. (1.10) to egs. (1.5),
we have A(T1) > 0 and B(T)) < 0. Therefore, a FOMT takes place at 7). Finally, the Curie temperature 7c¢ is
determined from A(7c) =0 and B(7¢) > 0

a(rc)2=&(Tmax)2[1+2\/;/2%—%] (1.11)

Equations (1.9) - (1.11) indicate that & T)*/&(Tmax)* only depends on ac/b?. The ac/b* dependence of E(T)? (T =
To, Ti and Tc) is illustrated in Fig. 1-4. The vertical axis &(T)? reduced by |b|/c corresponds to temperature,

because &(T)? is a monotonically increasing function of 7. On the other hand, the value of ac/b* can be changed
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by pressure or alloying. Therefore, Fig. 1-4 can be regarded as a magnetic phase diagram. It is noted that IEM
appears in the region of 7\ < T'< 7.
This theory is successfully applied to IEM of RCos, Co(SiSey), and La(Fei..Siy)i3 [12]. In this thesis, we

study Hall effect of these materials, so that we review their magnetic properties in the following subsections.
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Fig.1-4 Magnetic phase diagram of IEM [11]. The vertical axis corresponds to temperature and the horizontal axis to

pressure or composition. IEM takes place in the region of 7 < T'< T.



1.3  Co(SisSey):
The CoS, and CoSe; compounds form the Pyrite structure, which is shown in Fig. 1-5 [13]. This structure is
cubic and can be regarded as an NaCl-type structure with Co atoms and chalcogen atom pairs. The Co atoms

occupy the 4a site, while the S and Se atoms occupy the 8¢ site. The unit cell contains four formula units.

Fig. 1-5 Crystal structure of Pyrite CoS,. This figure is taken from ref 13.

In the cubic symmetry, the 3d band is split into #,, and e; subbands by the crystalline field. It is known that
3d electrons of the Co atoms are in the low-spin state. Thus, the #,; subband is completely filled and the e,
subband is partially filled with one 3d electron per Co atom. CoS; is a ferromagnet with 7c =120 K and a
saturation magnetization of 0.85 ug/Co, whereas CoSe: is a strongly enhanced Pauli paramagnet. The pseudo-
binary Co(Si.Sey), has a solid solution in the whole concentration range of x. In Co(Si.Sex),, Tc is rapidly
decreased with increasing x and ferromagnetism disappears at around x =0.12. For 0.03 <x <0.11, the magnetic
transition is first-order. IEM of Co(S:..Sey)> was first reported by Adachi ef al. for x =0.12 and 0.14 [14]. Later,
Goto et al. studied IEM of this system with 0 < x < 0.20 under high magnetic fields and high pressures [15].
The magnetization curves of Co(Si.Sex), at 4.2 K are displayed in Fig. 1-6. The compounds with x =0 and 0.10
show ferromagnetic behavior. On the other hand, sharp metamagnetic transitions are observed for 0.12 < x <
0.20 accompanied by a hysteresis. The saturation magnetization is weakly dependent on x. The M — B curves of
x = 0.14 at various temperatures are depicted in Fig. 1-7. With increasing temperature, the transition field Bc is
increased, while the hysteresis becomes smaller. Above 60 K, the transition becomes broad, and the hysteresis

vanishes, suggesting disappearance of IEM.
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Fig. 1-6 The magnetization curves of Co(Si..Sey), with 0 <x <0.20 at 4.2 K [15].
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Fig. 1-7 The magnetization curves of x = 0.14 at various temperatures [15].

The T — x magnetic phase diagram of Co(S.xSey): is illustrated in Fig. 1-8. IEM appears between T¢ and Tp
which is temperature that IEM disappear. The phase diagram is well reproduced by the theoretical phase diagram
shown in Fig. 1-4. The application of pressure on CoS; also induces I[EM. The T — p phase diagram of CoS; is
very similar to the 7 — x phase diagram of Co(SixSex), [15]. Sadakuni et al. have estimated that 1% Se
substitution corresponds to a pressure of 0.48 GPa in Co(Si.Sex), [16]. These results indicate that magnetic
behavior of Co(S;..Sey): is well described by the theory of IEM, in which the effects of spin fluctuations are

taken into consideration.
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Fig. 1-8 Magnetic phase diagram of Co(Si..Sey)2 [15].

1.4 RCo; and Lu(CoiAly)2
Among the intermetallic compounds between rare-earth elements (R) and 3d transition metals, the cubic

Laves phase compounds RCo; exhibit unique magnetic properties. Figure 1-9 shows the crystal structure of C15
Laves phase. Both R and Co atoms occupy one equivalent site, 8 and 16d, respectively. The unit cell contains

eight formula units. The R atoms form the diamond lattice and the Co atoms form the corner-sharing tetrahedron

lattice.

Fig. 1-9 Crystal structure of C15 Laves phase. R and Co atoms are represented by yellow and blue circles, respectively.

This figure is taken from ref. 17.



YCo, and LuCo,, where Y and Lu are nonmagnetic elements, are strongly exchange-enhanced Pauli
paramagnets. The magnetic susceptibility y of these compounds are very large compared with that expected
from D(er), indicating the Stoner enhancement factor is more than 20 [18,19]. Moreover, y, of these compounds
increases with increasing temperature, having a maximum near room temperature. At higher temperatures,
y, decreases with temperature following the Curie-Weiss law [20]. When R is a magnetic rare-earth element, Co
possesses a magnetic moment by a molecular field from R. The molecular field is proportional to the spin
component of the R moment, (g; —1)J , where g; is the Landé g-factor and J the total angular momentum. It
has been found that the Co moment is abruptly induced above the critical field [21, 22]. Therefore, YCo, and
LuCo; are expected to show [EM at high magnetic fields. Band calculations predicted B¢ for [EM is in the range
0of 90 — 350 T for YCo, [23, 24]. Schinkel measured the magnetization of YCo, at 4.2 K and 77 Kup to 38 T
[25]. He observed upturns in the M — B curves above 15 T, suggesting an initial stage of IEM. The complete
IEM for YCo» and LuCo; was observed by Goto et al. in 1989 [26, 27]. Using a destructive single-turn coil,
they measured the magnetization up to 100 T and observed IEM of YCo, and LuCo, at around 70 T. It was
found that B¢ of YCo is proportional to 7% at low temperatures. The 7% dependence of Bc is explained by the
theory of IEM described previously. Figure 1-10 displays the plots of Co moment vs effective magnetic field of
RCo; [12]. The effective field of RCos is calculated from the molecular field, which is calibrated by the

magnetization curve of LuCos.
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Fig. 1-10 Plots of Co moment vs the effective magnetic field of RCo,. The magnetization curve of LuCo, is also shown

[12].



In the case of heavy rare-earth elements, the Co moments align antiparallel to the R moments, so that a
ferrimagnetic structure is realized below the Curie temperature 7c. The compounds with R = Dy, Ho and Er
undergo a FOMT at T¢ of 32—135 K, while a second-order magnetic transition takes place for GdCo, and TbCo»
at 230 K and 395 K, respectively [28]. The order of magnetic phase transitions in RCo, was discussed by Bloch
et al. in the framework of the phenomenological Landau theory [28].

ErCo» exhibits a FOMT at 7Tc = 32 K. Neutron diffraction measurements reported that the Er and Co moments
at low temperatures are 9.0 pg and 1.0 us, respectively [29, 30]. Figure 1-11 shows the magnetization curves of
ErCos; single crystal, when the magnetic field is applied parallel to [111] axis (easy axis of magnetization) [31].
Above Tc, the compound shows metamagnetic behavior from a paramagnetic to ferrimagnetic state. This

transition is accompanied by IEM of the Co sublattice.
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Fig. 1-11 Magnetization curves of ErCo, single crystal at various temperatures. The magnetic field is applied parallel to

[111] axis [31].

Before direct observations of [IEM in YCo; and LuCo,, attempts to reduce Bc were made by substituting a third
element for Co in YCo» and LuCo». Aleksandryan et al. found that substitution of a small amount of Al increases
the Curie temperature 7c dramatically [32]. Yoshimura and Nakamura reported appearance of weak
ferromagnetism in Y(Coi-Aly), with 0.12 < x < 0.20 [33]. These two groups independently succeeded in
observing IEM of Y(Coi.Aly), below 35 T [34, 35].
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The substitution effect on magnetism of LuCo, have been studied by several groups [36-38]. The magnetic
phase diagram of Lu(Coi.Aly): reported by Gabelko et al. is illustrated in Fig. 1-12 [36]. The compounds with
0 <x <0.07 are paramagnetic. The B¢ for IEM is decreased nearly linearly with increasing x and it goes down
to zero at around x = 0.09.(not shown) A ferromagnetic state emerges in the concentration range of 0.08 < x <
0.22. The Curie temperature shows a maximum value of 130 K at around x = 0.15. Fukamichi et al. examined
IEM of Lu(Coi-Al), with 0.085 < x < 0.095 in details and constructed the magnetic phase diagram in the
vicinity of the critical concentration for ferromagnetism [38]. This magnetic phase diagram can be understood

by the theory of IEM by assuming that ac/b* decreases with x.

Hs, My
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| | ! ) ]

1 L ) ! !
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Fig. 1-12 Magnetic phase diagram of Lu(Coi.cAl;), reported by Gabelko et al. [36].

1.5 La(Fei.Siy)i3

Ternary La(Fe.Sis)13 compounds form the cubic NaZnis-type structure in the concentration range of
0.10 < x < 0.18. Though no intermetallic compounds exist in the binary La-Fe system, a small amount of Si
substitution stabilizes this structure. The crystal structure of La(Fe;..Siy)i3 is shown in Fig. 1-13 [39]. The La
atoms occupy the 8a site, which forms the simple cubic structure. The Fe atoms occupy two nonequivalent sites,
8b (denoted as Fel in the figure) and 96 i (Fell). Thus, the unit cell contains eight formula units. The Si atoms
preferentially substitute for Fell site. The Fel are surrounded by an icosahedron of 12 Fell, and the Fell are
surrounded by nine nearest Fell and one Fel. The magnetic phase diagram of La(Fe,..Si))i3 is depicted in
Fig. 1-14 [12, 40]. All the La(Fe,..Si.)13 compounds are ferromagnetic and 7¢ increases from 190 K to 245 K
with increasing x from 0.12 to 0.17. The magnetic transition at 7¢ is first order for x < 0.14 and second order for
x> 0.14. The IME is observed between T, and Tc.

11



Fig. 1-13 Crystal structure of La(FeSix)13 (NaZns-type). The figure is taken from ref. 39

260 T T 1
La(Fe;_xSiy13 %
|
240} .
) \. Para /
To\,
£ N
= 220 . /e -
Eq Meta ‘:D’
)
= =" Ferro
200} Y | -
’I:I
180 1 | |
0.10 0.12 0.14 0.16 0.18

Concentration x

Fig. 1-14 Magnetic phase diagram of La(Fe.,Siy)i3 [12, 40].
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1.6 Hall effect
When the electric current is applied along the x-axis and the magnetic field B = (0, 0, B:) is applied along the

z-axis, the electric field is generated along the y-axis, as shown in Fig. 1-15. This is called the Hall effect.

Fig. 1-15. Standard configuration of Hall effect. This figure is taken from ref. 41.

1.6.1 Normal (Ordinary) Hall effect (NHE)
The origin of Hall effect is Lorentz force. The charge carrier with an electric charge g feels a following

Lorentz force F under an electric field £ and a magnetic field B,
F=q(E+vxB). (1.12)

where v is a drift velocity. This force deflects the charge carriers in the y direction. The charge carriers are

accumulated, which cause the electric field in the y direction, E,. Eventually, the y component of F becomes

zero, then, we have E, =v,B, .Since the electric current density iy is given by i, =nqu, , respectively. where

n is the charge carrier density, E, is expressed as,

i,B
E, =% =RiB,. 1.13
y nq N'x 2z ( )

This is the normal Hall effect (NHE) and Rn= 1/nq is called the normal Hall coefficient. E, and i, are related to
the electric voltage along the y-axis V), and the electric current along the x-axis /; as, V, = Eyw and [=i.wt,

where w and ¢ are the width and thickness of the sample (see Fig. 1-15). So, we write,

Vit
Py=""=RB. (114

X

13



The quantity py, is called the Hall resistivity. In the NHE, p,, is proportional to a magnetic field.
Above results indicate Ry is negative, when the charge carriers are electrons, while Ry > 0 when they are

holes. If both carriers contribute to the NHE, Ry is given by,

2 2
RN — nth ne“e = (115)
e(nhHh + neHe)

where 7y (n.) is the hole (electron) density and i, ([e) is hole (electron) mobility. Thus, the sign of Ry depends
not only on the carrier density but also on the carrier mobility.
Since the NHE is one of the transport properties, it is derived from the Boltzmann equation [42-44]. The

electrical conductivity tensor is defined as,

Jo =0upEy + 0y, B4+ (1.16)

Using the relaxation time approximation, c.g and Gup, are given by,

e of
GOLB :475—3}‘1-”- TUQUB (—gjdk, (117)

and,

G, =— e Irz _a v, (vxV) vydk.  (1.18)
B 4nh o) " (AL '

with the Fermi-Dirac distribution function f, the relaxation time t. Here v means the group velocity of electrons,

which is given by v = %(Z—Ej . In weak magnetic fields, the nomal Hall coefficient is expressed as,

(e)
R, =—Y%—, (1.19)

xxny

in the setup of Fig. 1-15. If 1 is independent of k, Rn does not include 7 in its form. This is called the T constant

approximation. In this case, Ry can be estimated from the energy band calculations.
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1.6.2 Anomalous (Extraordinary) Hall effect (AHE)
The Hall resistivity of ferromagnetic materials is quite different from that expected from eq. (1.14). As shown
in Fig. 1-16, px, shows a rapid rise initially with increasing field, followed by a linear variation at high fields.

This field dependence of p,, is well expressed by a following equation [42, 45],
Py = RyB+RM.  (1.20)

The first term is the NHE described in the previous subsection. The second term is termed the anomalous
(extraordinary) Hall effect (AHE), which is proportional to the magnetization. The proportional coefficient Ra
is called the anomalous Hall coefficient. The AHE is observed not only in ferromagnets but also in paramagnets
and in antiferromagnets, when they have large magnetic moments.

The origin of AHE can be classified into the extrinsic effect and the intrinsic effect. The former is based on
the concept in which p,, should arise from the impurity scattering, because the lattice imperfection is responsible
for the resistivity. Smit pointed out that conduction electrons can be scattered asymmetrically from a magnetic
impurity potential depending on the spin direction, when the spin-orbit interaction is taken into account [46, 47].
This is called the skew scattering and is schematically shown in Fig. 1-17(a). The electrons with up-spin are
deflected to the right more than to the left and vice versa for down-spin. It is suggested that for the skew
scattering mechanism, the Hall resistivity varies linearly with the conventional electrical resistivity, pxy ¢ Pav.
On the other hand, Berger proposed the side jump mechanism [48, 49]. When a wave packet of a conduction
electron is scattered from a spherical impurity with the spin-orbit interaction, the trajectory of the electron is
shifted depending on the spin direction, as shown in Fig. 1-17(b). The side jump mechanism predicts quadratic
pxx dependence of pyy, Py ¢ pr®.  The intrinsic mechanism of AHE was first discussed by Karplus and Luttinger
in 1954 [50]. Due to the spin-orbit interaction, the electrons have an anomalous velocity perpendicular both to
the electric field and to the direction of magnetization. The sum of the anomalous velocity over all occupied
band states can be nonzero, giving AHE. The anomalous velocity of magnetic Bloch electrons is now related to
Berry phase and the intrinsic AHE is given by the integral of the Berry curvature over all occupied Bloch states

[51]. The intrinsic AHE predicts p., oc px*, which has the same scaling law with that of the side jump mechanism.

B

Fig. 1-16 Typical behavior of field dependence of Hall resistivity of ferromagnetic materials.
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(a) skew scattering

(
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v

v

Fig. 1-17 (a) Skew scattering. (b) Side jump mechanism. This figure is taken from ref. 51.

1.7  Aims of the thesis

As described before, IEM provides a unique stage to investigate the electronic structures of the ferromagnetic
and paramagnetic states, because both states appear at the same temperature. In this study, we examine Hall
effect of itinerant electron metamagnets. As mentioned in the previous section, ferromagnets exhibit
characteristic p, — B curves shown in Fig. 1-16. Then, the NHE and AHE can be evaluated. In the case of
paramagnets, on the other hand, both the NHE and AHE are proportional to B, because the magnetization can
be expressed as M = B, where Y, is a paramagnetic susceptibility. This makes it difficult to estimate the NHE
and AHE in the paramagnetic state. In IEM, both the ferromagnetic and paramagnetic states are realized
depending on a magnetic field. We notice that this may enable us to estimate the NHE and AHE in the
paramagnetic state by using Ra in the ferromagnetic state. In the present study, we measured the field
dependence of Hall resistivity of IEM systems, Co(SicSex)2, Lu(Coi.+Aly)2, ErCos, and La(Fe;..Siy)i3. The data
are analyzed in various ways and obtained Ry in the paramagnetic state as well as in the ferromagnetic state.
Furthermore, we compare Ry's determined from experiments with those obtained from the energy band

calculations.
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Chapter 2 Experimental details

2.1  Sample preparation

Polycrystalline Co(Si..Sex), samples were synthesized by solid state reaction. Powders of Co (purity: 99.9 %),
S (99.9999 %), and Se (99.999 %) were weighted in appropriate compositions. The initial compositions of
synthesized samples were x = 0.08, 0.10, 0.11, 0.12, 0.13, and 0.14. The powder mixture put in an alumina
crucible was sealed in an evacuated quartz tube and heated at 250 °C for two days and at 400 °C for five days
for a preliminary heat treatment. Subsequently, the resultant products were pulverized, mixed, and pressed into
a pellet under a pressure of 200kgf/cm?. The pellet was heated for two days at 700 °C in an evacuated quartz
tube. The samples were checked by powder X-ray diffraction with Fe Ka radiation. Figure 2.1 shows X-ray
diffraction patterns of Co(SiSex)2. No foreign phase other than the Pyrite structure was detected in each X-ray
diffraction pattern. The lattice parameters obtained from the X-ray diffraction measurements are shown as a

function of x in Fig. 2-2. They are in agreement with the previous results [52] and approximately obey Vegard's

law.

[ntensity

Fig. 2-1 X-ray diffraction patterns of Co(Si.Sex).. The calculated pattern for CoS, is also shown at the bottom.
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Fig. 2-2 Concentration dependence of the lattice parameter of Co(Si..Sey)». A red line represents Vegard's law taken from

ref. 52.

In the study of RCos, we used ErCo» single crystals and Lu(CoiAly), polycrystalline samples for the
measurements. Single crystals of ErCo, was grown by a modified Czochralski method in a tri-arc furnace using
Er (99.9%) and Co (99.99%) at Institute of Physics of the Czech Academy of Science, Prague. The pulling of
crystal was performed under in an argon atmosphere. A tungsten rod was used as a seed, and the pulling speed
was 10 mm/h. The initial composition was taken as ErCo1.96. Back-scattered Laue diffraction patterns confirmed
the single-crystalline state of the samples. Polycrystalline LuCo, and Lu(Coo.91Alo.09)2 were prepared by arc-
melting constituents in an argon atmosphere. The purities of constituents are 99.9% for Lu and Co, and 99.99%
for Al. In the binary Lu-Co phase diagram, ferromagnetic LuCo; exists as an adjacent phase of LuCo,. The
Laves phase is formed by a peritectic reaction. To avoid the contamination of LuCos, we used Lu-rich initial
compositions of Lu:(CoAl) = 35:65. To ensure homogeneity, we turned the batch upside down and melted it
several times. The ingot was wrapped in a Ta foil and then it was sealed in an evacuated quartz tube for annealing.
LuCo, was annealed at 900 °C for seven days, while Lu(Coo.01Alo.00)> was annealed at 1050°C for seven days.
Yokoyama et al. reported that annealing condition is crucial to achieve sharp IEM in Lu(Coi.xAl.) [53]. Then,
we chose a higher annealing temperature of 1050°C for Lu(Coo.91Alo.09)2. X-ray diffraction patterns of LuCo,
and Lu(Coo.91Alo.00)2 are displayed in Fig. 2-3. It is found that these samples have the C15 Laves phase structure.
A small amount of Lu,Os was detected as an impurity phase (shown by arrows in Fig. 2-3). The lattice
parameters of LuCo, was and Lu(Cooo1Alogo), are 7.103 A and 7.150 A, respectively. These values are in

agreement with the previous reports [54].
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Fig. 2-3 X-ray diffraction patterns of LuCo, and Lu(Coo.91Alo.09)2. Arrows indicate the diffraction peaks due to Lu,O3

impurity phase.

The La(Fe ..Siy)13 compounds with x = 0.10 and 0.12 were prepared by arc-melting constituents with the
stoichiometric compositions in an argon atmosphere. The purities of the raw materials are 99.9% for La, 99.9%
for Fe and 99.999% for Si. The ingot was turned upside down and melted, again. This procedure was repeated
for several times. The product was wrapped in a Ta foil and then it was sealed in an evacuated quartz tube for a
heat treatment. Since La and Fe are immiscible in a solid state, it is necessary to anneal an ingot at high
temperatures for a long time to obtain a desired compound with the NaZns-type structure. Then, the sample
were kept at 1050°C for ten days. The X-ray diffraction patterns of La(Fei.Six)13 are shown in Fig. 2-4. Most
of diffraction peaks can be indexed to the cubic NaZns-type structure. For both x =0.10 and 0.12, an extra peak
is observed at around 20 = 57° (shown by the arrow), which is assigned to the a-Fe(Si) phase (Si can be
incorporated into a-Fe). Since a-Fe(Si) is ferromagnetic, the presence of a-Fe(Si) phase gives some impacts

on magnetic properties of La(Fe;..Siy)13. This problem will be discussed in Chapter 5.
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Fig. 2-4 X-ray diffraction patterns of La(Fe..Siy)13 with x = 0.10 and 0.12. The calculated pattern is also shown. Arrows

indicate the diffraction peaks due to a-Fe(Si) impurity phase.

2.2 Magnetization measurements

Magnetization measurements were carried out using a commercial superconducting quantum interference
device (SQUID) magnetometer (Quantum Design MPMS) up to 7 T at a constant temperature. For some samples,
magnetization was measured at high pressures using a CuBe piston—cylinder cell. Daphne 7474 oil was used as

a pressure-transmitting medium.

2.3 Hall effect measurements

Hall effect was measured by an ac four probe method in a standard configuration, in which the electric current
1 is applied along the +x direction, the magnetic field B is applied along the +z direction and the Hall voltage
was measured along the —y direction (Fig. 2-5). The sample was shaped into a plate of dimensions 1~2 (/) x 1
(w) x 0.3~0.5 (f) mm. Four platinum wires with 50um diameter were contacted with silver conductive epoxy.
The sample was fixed by Apiezon N grease to the sample stage. The sample stage was inserted to the variable

temperature insert (VTI) and it was situated at the central position of magnetic field.
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Fig. 2-5 Schematic setup for Hall effect measurements.

The block diagram of Hall effect measurements is illustrated in Fig. 2-6. The field dependence of Hall
resistivity was measured up to 12 T at a constant temperature. The temperature was roughly controlled by a VTI
temperature controller (Oxford ITC 503). Precise temperature control was achieved by PID temperature
controller (Lake Shore Model 331) with a heater and a Cernox thermometer mounted on the sample stage. The
temperature stability was controlled at a fixed temperature within £0.1 K during the measurements. The Hall
resistivity was measured with an ac resistance bridge (Linear Research LR-700), of which excitation frequency
is 16 Hz. The measured voltage V includes not only the Hall voltage V., but also the longitudinal voltage Vi,
due to a small misalignment of terminals. To obtain Vi, correctly, we first measured V., which is the voltage
with B applied along the +z direction. Then, we measured V- with B along the —z direction at the same
temperature. The Hall voltage was calculated from V,, = (V+ — V-)/2. The Hall resistivity p,, is given by
px = Vot/l, where t is the thickness of the sample. On the other hand, Vi is given by (V4 + V-)/2. The resistance
r« = Vi/I is proportional to the longitudinal resistivity p.. Electric appliances are connected to a personal
computer via a GPIB bus that enables for their remote control with LabVIEW software. In the present study,
we measured the p,, — B curves in the field-increasing process except La(Fei..Siy)i3. The measurements for
La(Fe..Six)13 were carried out for both field-increasing and field- decreasing processes. The field sweep rate
was 0.5-1.0 T/min.

Measurements at high pressures were carried out in a double-layered CuBe/NiCrAl cell. Daphne 7474 oil was
used as a pressure-transmitting medium. For Hall effect measurements, the sample glued on a Bakelite stage
was placed into a Teflon cell, which was inserted into a cylinder cell. The relation between actual pressure and
pressure load was obtained from pressure dependence of superconducting transition of tin, beforehand. Hall
resistivity measurements using a pressure cell is useful to fix a sample tightly in strong magnetic fields. This is
important when the sample has large magnetization. Then, we used a pressure cell for the Hall resistivity

measurements of ErCo, at ambient pressure.

21



AC resistance bridge
Linear Research LR-700

DMM Keithley 196

LABVIEW
GPIB

Personal computer
Sample

Superconducting magnet

He dewar

Variable temperature insert

L Liquid He
Temperature W
Controller V T Sample stage/Pressure cell
Lake Shore 331 g Heater
Magnet A Variable temperature insert
Power supply
OXFORD temperature controller
1PS 120-10 OXFORD ITC 503
Thermometer

Fig. 2-6 Block diagram of Hall effect measurements.

2.4  Energy band calculations

For CoS;, CoSe,, and LuCo,, the electronic structure was calculated in collaboration with The Institute of
Scientific and Industrial Research (SANKEN), Osaka University. The electronic states were calculated by using
the all-electron full-potential linearized-augmented-plane-wave (FLAPW) program package HIiLAPW [55].
These calculations were performed using LDA exchange-correlation potential [56], LAPW basis set with the
scalar-relativistic scheme, and the improved tetrahedron integration method up to 16x16x16 k-mesh points in
the Brillouin zone [57]. The calculated energy dispersion was fitted with symmetrized star functions by a spline
method with 64x64x64 k-mesh points and used for calculations of the Fermi surfaces, the Fermi velocity and
the Hall coefficients [44]. The Fermi surfaces were drawn by using FermiSurfer program [58]. The normal Hall

coefficients were evaluated by using egs. (1.17) - (1.19).
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Chapter 3 Results and discussion on Co(S1-«Sey)2

3.1 Experimental results and analyses

Figure 3-1 shows the isothermal magnetization curves of Co(S;..Se,). compounds at 4.2 K or 5 K. The data
with increasing field are shown. The magnetization of x = 0.08 and 0.10 is saturated above 1 T, indicating that
they are ferromagnetic at low temperatures. On the other hand, the compounds with x > 0.11 are paramagnetic

with no spontaneous magnetization in the ground state. IEM is observed for 0.11 <x < 0.13 below 7 T.

1 1 1 I 1 1 1 1

T=42Kor5K x=0.08 (5 K)

M (uB/ lu.)

x=0.11 (42K) £ +=0.13 (5K)

0.2
x=0.14 (4.2 K)
Co(Sl_vSe\)2

o 1 2 3 4 5 6 7 8
B(T)

Fig. 3-1 Isothermal magnetization curves of Co(S;..Sey), compounds with 0.08 <x <0.14 at 4.2 or 5 K. Data with

increasing field are shown. Solid lines are guide to the eye.

The magnetization curves of x = 0.10 and 0.11 at various temperatures are displayed in Figs. 3-2 (a) and 3-2 (b),
respectively. The T¢ of x = 0.10 is about 55 K, so that the M — B curve at 70 K exhibits itinerant electron
metamagnetic behavior. For x =0.11, on the other hand, IEM is observed in the whole temperature range below
60 K. A small ferromagnetic component is observed for x = 0.11 at low fields. This is probably due to
concentration fluctuations, because ferromagnetism appears in the vicinity of x =0.11.

The field dependence of the Hall resistivity of Co(SixSey), at 4.2 K is illustrated in Fig. 3-3. In the
ferromagnetic state, a rapid fall of p., was found at low fields. This is attributable to the AHE. Therefore, the

AHE is negative in the present system. Above the technical saturation, px, increases nearly linearly with
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increasing magnetic field. The py, — B curves with 0.11 < x < 0.13 can be divided into three regions: the
paramagnetic region, the transitional region near the transition field of IEM Bc, and the ferromagnetic region.
In the paramagnetic region at low fields, py, decreases with increasing field. In the transitional region, the Hall

resistivity suddenly drops due to the AHE. And p,, increases linearly with magnetic field in the ferromagnetic
region at high fields.

T T T T T 1 T T T T T T T

(a) Co(S,_Se),  x=010 (b) Co(S,_ Se), x=0.11
| 0.8 | 1
~ d = 0.6 | 1
2 2
:_a: Tm
= 1 = o4} .
| 02 F 1
0 1 1 1 1 L 1 1
8 0 1 2 3 4 5 6 7 8
B(T) B(T)

Fig. 3-2 The magnetization curves of Co(Si..Sex), at various temperatures for x = 0.10 (a) and x = 0.11 (b).

0.2

Py (Qm)

Co(S, Se),
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B(T)

Fig. 3-3 Field dependence of the Hall resistivity p., of Co(Si..Sey)> compounds with 0.08 <x <0.14 at 4.2 K.
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The p., — B curves of x = 0.10 and 0.11 at various temperatures are depicted in Figs. 3-4 (a) and 3-4 (b),
respectively. The field dependence of py, of x = 0.10 at 7' < 50 K shows ferromagnetic behavior. The p., — B
curves at 7' > 60 K are characterized by the three regions mentioned above. The magnitude of AHE increases
with increasing temperature. On the other hand, the slope of p;, is weakly dependent on temperature between
4.2 K and 60 K. The compound with x = 0.11 exhibits IEM below 75 K. With increasing temperature, Bc is
increased and the transition becomes broader. Each p,, — B curve has a negative slope below Bc and a positive
slope above Bc. The negative jump of p., at around Bc increases with increasing temperature. The positive slope

in the ferromagnetic region is not sensitive to temperature below 30 K. These trends are similar to x = 0.10.
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Fig. 3-4 The p., — B curves of Co(Si.:Sex); at various temperatures for x =0.10 (a) and x = 0.11 (b).

In the following, we analyze the Hall resistivity of Co(SixSex).

As shown in eq. (1.19), the Hall resistivity of magnetic materials is expressed as,
Py =RyB+RM, (3.1)

where Ry and R4 are the normal and anomalous Hall coefficients, respectively. Since IEM is accompanied by
abrupt band splitting, Rx depends on the magnetic state. Then, we define Rn/ and Rx? as Ry in the ferromagnetic
state and that in the paramagnetic state, respectively. We assume that R, is independent of the magnetic state.
The validity of this assumption will be discussed later. Obviously, Ra is negative in the present system. The
positive slope of the p,, — B curves in the ferromagnetic state indicates Rx/> 0, because the AHE has a negative
contribution. On the other hand, the p., — B curves have negative slopes in the paramagnetic state. Since the

AHE is negative, the sign of Rx” is not determined at this stage.
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In the ferromagnetic state, the magnetization curve is approximated as,
M=M°+y, B, (3.2)

where M) is the spontaneous magnetization and ynr the high-field magnetic susceptibility. The Hall resistivity

in the ferromagnetic state is also written in the first approximation as,
0
Py =Pyt RuB:  (3.3)

where p.,” and Robs are the intercept and slope of the p,, — B curve, respectively. Putting eq. (3.2) into eq. (3.1)

and comparing it with eq. (3.3), we have,

Rl\fl =Ry —RaX, ht, (3.4)

Ry=py /M°.  (3.5)

Using these relations, we can estimate Ry’ from the experimental results.

As shown in Fig. 1-7, ynr of Co(SicSex)2 at 4.2 K is very small. Very small yxr is consistent with the results of
electronic structure calculations on CoS,. As described later, our electronic structure calculations show that the
ferromagnetic CoS; is half metallic. These results are in agreement with the previous reports [59, 60]. This
means that further band splitting is not induced by a magnetic field for CoS, at 7= 0. Moreover, ultrahigh-
resolution photoemission spectroscopy of CoS; and Co(So.9255€0.075)2 has revealed that the substitution of Se for
S does not change the band structure considerably [61, 62]. Therefore, we can approximate ynr~ 0 at 4.2 K for
ferromagnetic Co(S1..Se.)s. In this case, Rn is given by Rops. The Rx/ values of Co(S1..Sey)> with 0.08 <x <0.13
at 4.2 K are listed in Table 3-1. For x = 0.14, it is difficult to estimate Rops in the ferromagnetic state accurately,
because of the narrow ferromagnetic region (see Fig. 3.3). It is found that Ry’ is in the range of
31-39 x 10""m*/C except x = 0.11. These results may suggest that Rx/ of Co(S1..Se,): is weakly dependent on

the Se concentration for 0.08 <x <0.13.

Table 3-1 The normal Hall coefficients R/ and Rn? of Co(S1.Sey): at 4.2 K.

x 0.08 0.10 0.11 0.12 0.13 0.14
R (10M"m*C)  36.7 31.4 19.2 38.9 38.3
Rv? (101 m%/C) 12.2 14.6

26



At temperatures higher than 4.2 K, we estimated Rx’ from eqs. (3.4) and (3.5). Since the maximum field of
magnetization measurements is 7 T, we cannot evaluate ynr for x > 0.12 at any temperature with satisfactory
accuracy. Thus, Ry’ for 0.08 < x < 0.11 was obtained. The results are shown in Fig. 3-5 as a function of
temperature. It is found that Ry’ exhibits weak temperature dependence. As shown in Figs. 3-4 (a) and 3-4 (b),
Robs in the ferromagnetic state is not sensitive to temperature for both x = 0.10 and 0.11. These results indicate

that the anomalous Hall term Raysr is much smaller than Ry’ in eq. (3.4).
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Fig. 3-5 Temperature dependence of Rx/ of Co(S1..Sey), with 0.08 <x < 0.11.

Next, we analyze the px, — B curves in the paramagnetic state. Well below Bc, both M and p,, are nearly

proportional to a magnetic field. Then, we can write M and p., in the paramagnetic state as,

M =y B, (3.6)

p

Py = R B (3.7)

where 7, means the paramagnetic susceptibility. Putting eq. (3.6) into eq. (3.1) and comparing it with eq.
(3.7), we have,

RU =Ry —Rax,-  (3.9)
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Note that Rqus and y, are obtained from the p,, — 77 and M — T curves in the paramagnetic state,respectivery,
while Ra from those in the ferromagnetic state. Therefore, both magnetic states are necessary at the same
temperature for this analysis. We emphasize that IEM can provide this situation. At 4.2 K, we obtained Rgps in
the paramagnetic state and 7, for x = 0.13 and 0.14. Here, a small ferromagnetic component at low fields in the
M — B curve of x = 0.14 was eliminated. The magnetization curve of x = 0.14 does not show metamagnetic
behavior up to 7 T (see Fig. 3-1). Then, we use the M — B curve of x = 0.14 reported by Goto et al. to determine
M°[15]. The Rn? values of x = 0.13 and 0.14 at 4.2 K are also listed in Table 3-1. The analyses revealed that
RN? is positive for these compounds. Their values are slightly smaller than Rx’. This implies that Ray, is
dominant in Robs due to large 7, in the paramagnetic state. We also estimated Rn” of some compounds above 4.2
K. The temperature dependence of Rn” for 0.11 <x < 0.14 is depicted in Fig. 3-6. Though a few data of Rn” are
available, the results suggest that Rn? is 10-20 x 107'm?/C for 0.11 < x < 0.14 below 60 K.
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Fig. 3-6 Temperature dependence of Rn? of Co(Si.+Sey), with 0.11 <x <0.14.

As, described before, we assumed that R in the ferromagnetic state is equal to that in the paramagnetic state in
the present analyses. We now discuss the validity of this assumption. The AHE originates in the impurity
scattering, such as skew scattering or side jump mechanism, and the intrinsic effect, which is expressed by an
integral of the Berry curvature in the momentum space. It seems reasonable to assume that R is independent
of magnetic state when the impurity scattering is dominant in the AHE. In our experiments, Ra shows strong
sample dependence. For example, a different sample with x = 0.12 has Ra that is less than one third of that of
the sample shown in Fig. 3-3. Similar sample dependence of AHE was also observed for ferromagnetic CoS,

[63]. These results strongly suggest that the AHE originates in the impurity scattering, such as skew scattering
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or side jump mechanism. The longitudinal resistivity p.. dependence of the anomalous Hall resistivity p,,’ is a
good measure to clarify the origin of AHE. As described in 1.6.1, the skew scattering predicts p,, o p., While
the side jump mechanism and the Berry curvature contribution are expected to show py, oc p..”. In the present
study, p.« has not been measured. However, we notice that r\., which is calculated from V,, = (V+ + V-)/2, is
available instead of p,.. Moreover, field dependence of 7. is obtained, which enables us to estimate 7y, in the
ferromagnetic state. It is known that r. shows a jump at Bc. Above Bc, 7y is almost saturated. Then, we
extrapolated 7. in the ferromagnetic state to B = 0 and obtained the longitudinal resistance in the ferromagnetic
state 7. The plots of py,° vs. 7’ of Co(So90Seo.10)2 are depicted in Fig. 3-7. A nearly linear relation between
pr? and 7. is observed, suggesting that the skew scattering is dominant in the AHE of Co(Si..Sex).. These

results strongly support the validity of our assumption that R is independent of the magnetic state.
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Fig. 3-7 Pots of py,° vs. 7 of Co(So.90S€0.10)2.

Figure 3-8 shows Ra of Co(Si..Sey), as a function of temperature. For any x, Ra decreases with increasing
temperature. This mainly originates in temperature dependence of p,,’, as shown in Figs. 3-4 (a) and 3-4 (b).
The magnitude of R4 and its decreasing rate do not show systematic composition dependence. These results are

consistent with our conclusion that the impurity scattering is responsible for the AHE.
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Fig. 3-8 Temperature dependence of Ra of Co(Si..Sey), with 0.08 < x < 0.14. Solid lines are guide to the eye.

3.2 Energy band structure

The electronic structures of nonmagnetic and ferromagnetic CoS, and nonmagnetic CoSe, were calculated
by using the lattice parameters and atomic positions previously reported [64, 65]. The first Brillouin zone of the
Pyrite structure is depicted in Fig. 3-9. The X, Y, and Z points are equivalent due to the three-fold rotation
symmetry, while the MX axis and MY axis are not equivalent in absence of the four-fold rotation symmetry in
the Pa-3 space group. The partially filled energy band of nonmagnetic CoS: is displayed in Fig. 3-10. There
exist four bands associated with the Fermi surface: the 41st, 42nd, 43rd, and 44th bands. The corresponding
Fermi surfaces are illustrated in Fig. 3-11. The 41st and 42nd bands form the hole-like Fermi surfaces, which
enclose unoccupied electron states. The 43rd and 44th bands form the electron-like surfaces, which enclose

occupied electron states.
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Fig. 3-9 The first Brillouin zone of CoS,. Note that the X, Y, and Z points are equivalent points while the MX axis

(red color) and the MY axis (blue color) are not equivalent.
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Fig. 3-10 Partially filled band of nonmagnetic CoS..

31

X T M R




In the figure, each color represents the Fermi velocity: blue showing the lowest velocity and red showing the
highest velocity. The 41st Fermi surface originates in a small hole pocket at around the M point. The 41st band
and the 42nd band (also the 43rd band and 44th band) are doubly degenerate along the Y - M - X in Fig. 3-10.
The 42nd Fermi surface is characterized by a hollow-shell structure in addition to a small hole pocket at around
the M point. The Fermi velocity on the shell near the X point is significantly large due to the flat surface. The
Fermi surface of the 43rd band consists of a nearly cubic electron surface centered at the I" point and a nearly
spherical electron surface centered at the R point. The Fermi velocity at the electron sphere is slightly larger
than that at the electron cube. The 44th Fermi surface forms an electron pocket at the R point, which is very
similar to that of the 43rd band.

Nonmagnetic CoS,

Il THEEES 0.5
Fermi velocity

41st band 42nd band 43rd band 44th band
I" occupied I" occupied I" occupied I" unoccupied

Fig. 3-11 Fermi surface and Fermi velocity of nonmagnetic CoS,.

The energy band of ferromagnetic CoS; near the Fermi level is shown in Fig. 3-12. Our calculations show
the half-metallic state of ferromagnetic CoS», in which only the up-spin bands form the Fermi surfaces. Thus,
the up-spin bands are shown in the figure. The corresponding Fermi surfaces of ferromagnetic CoS, are
illustrated in Fig. 3-13 The Fermi surfaces consist of the 44th hole-like surface and the 45th and 46th electron-
like surfaces, being consistent with the previous work [60]. The 44th Fermi surface is a large hole cube centered
at the I point. The Fermi velocity on the cube near the X point is considerably large. The 45th band is mostly
degenerate with the 46th band except an electron bridge along the I'M axis; the Fermi surface portions at around
the R point are isolated in the 46th band, while they are connected in the 45th band.
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Fig. 3-12 Partially filled band of ferromagnetic CoS,. Only up-spin bands are shown.
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Fig. 3-13 Fermi surface and Fermi velocity of ferromagnetic CoSo.
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We also calculated the energy bands and the Fermi surfaces of nonmagnetic CoSe,, which are shown in
Figs. 3-14 and 3-15, respectively. The Fermi surfaces of nonmagnetic CoSe; consist of the 41st and 42nd hole-
like surfaces and the 43rd and 44th electron-like surfaces, which are similar to the nonmagnetic CoS,. The
overall features of the Fermi surfaces are in agreement with the previous study [60]. In the 41st band, a hole
pocket at around the M point and that at around the X point form the Fermi surfaces. In the 42nd Fermi surfaces,
a hollow-shell structure emerges. The Fermi surface has a more spherical-like shape compared with that of
nonmagnetic CoS,. Large Fermi velocities are obtained on some points of the Fermi surface. The Fermi surfaces
of the 43rd band and the 44th band consist of two electron spheres, one centered at the R point and the other at

the I" point. In both bands, the Fermi surfaces at the R point have relatively large Fermi velocities.

. — 41st — 43rd
Nonmagnetic CoSe; — 42nd — 44th

1

T
L

Energy (eV)
<

vT™M X T R X I M R

Fig. 3-14 Partially filled band of nonmagnetic CoSe:.
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Fig. 3-15 Fermi surface and Fermi velocity of nonmagnetic CoSe..

We calculated the density of states at the Fermi energy N(er), the root mean square of the Fermi velocity v,
and the normal Hall coefficient Rx for CoS; and CoSe», which are listed in Table 3-2. The N(er) of ferromagnetic
CoS; is smaller than that of nonmagnetic CoS; and CoSe.. This is due to half metallicity of the ferromagnetic
state of CoS,. The Fermi velocity of CoS, and CoSe: is in the range of 0.26-0.32 x 10® cm/s. No significant
difference in vr is found between the ferromagnetic and nonmagnetic states of CoS,. The normal Hall coefficient
of CoS is strongly dependent on the magnetic state. In the ferromagnetic state, Rxis positive and large, whereas

Rx of nonmagnetic CoS; is negative and small. In contrast, nonmagnetic CoSe; has a positive Rx.

Table 3-2 Calculated density of states (DOS) at Fermi energy N(er), the root mean square of the Fermi velocity vy, and

normal Hall coefficient Ry of CoS; and CoSe;.

Ferromagnetic CoS, ~ Nonmagnetic CoS,; ~ Nonmagnetic CoSe,

N(er) [/Ry cell] 69.378 145.360 145.650
vr [10® cm/s] 0.281 0.265 0.315
Rn[107" m¥/C] 26.139 -0.463 16.46
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3.3 Discussion

In this subsection, we compare the normal Hall coefficients of Co(Si..Sey), determined experimentally with
those calculated from the energy band calculations for CoS; and CoSes. In the ferromagnetic state, Rx/ is in the
range of 30-40 x 10"'m*/C. The calculated value for ferromagnetic CoS; is 26.139x 10"''m?/C. Thus, the
agreement between the experimental Ry and the theoretical Ry is satisfactory. The large and positive Ry of
ferromagnetic CoS, originates in the hole cube with large Fermi velocities.

In the paramagnetic state, the experimental results suggest that Ry” is 10-20 x 107''m3/C, which is a little
smaller than Ry’. The calculated R\'s of nonmagnetic CoS; is —0.463 x 10" m*/C, which is negative and much
smaller than Rn”. The small Ry of nonmagnetic CoS; means that the positive contribution of the hole-like Fermi
surface to Ry nearly cancels the negative contribution of the electron-like Fermi surface. The calculated Ry of
nonmagnetic CoSe; is 16.46x 107" m*/C. The experimental Rx” values are rather close to this Ry of nonmagnetic
CoSe:.

In the following, we discuss the origin of discrepancy between the experimental Rn?” and the calculated Ry of
nonmagnetic CoS, from both experimental and theoretical aspects. Compared with the ferromagnetic state,
precise determination of Ry’ is difficult, because the AHE makes a significant contribution to Reps in the
paramagnetic state. As shown in eq. (3-8), estimation of ), is crucial to determine R\” precisely. However, the
paramagnetic state is realized only at low field regions, below 4 T for x = 0.13 and below 6 T for 0.14 at 4.2 K.
Because Co(Si.+Sey): is a solid solution, the concentration fluctuations are inevitable. Therefore, some parts of
the sample have a lower Se composition than the initial value. These parts undergo IEM below B¢, which
enhances the magnetic susceptibility in the paramagnetic state. In this case, Rx” is overestimated. Narrow field
ranges of the paramagnetic state make it difficult to estimate 7y, without ambiguity. Actually, if we adopt the
magnetic susceptibility of x = 0.20 for y, from ref. 15, our analyses for x = 0.13 and 0.14 give
Rn?=0.3-1.0 x10"" m*/C at 4.2 K, which is very close to the calculated Ry of nonmagnetic CoS,. The compound
with x = 0.20 exhibits IEM at around 20 T, so that the effect of concentration fluctuations on 7y, is avoidable at
low fields. To clarify this point, experiments under further high magnetic fields are desired for the compounds
with x > 0.14.

In the theoretical aspect, we found some similarities in the Fermi surfaces between nonmagnetic CoS, and
nonmagnetic CoSe,, though there is a significant difference between their Rx values. These results suggest that
the normal Hall coefficient is sensitive to the fine structures of the energy band for the individual materials.
Although the experimental Rn? values are not well reproduced by the calculated results, our calculated results
explain the experimental trend that Ry of the nonmagnetic state is smaller than that of the ferromagnetic state
in CoS,. To study the effect of a magnetic field on the normal Hall coefficient, we calculated Rx of nonmagnetic
CoS; under a hypothetical magnetic field in a rigid-band approximation. By applying a magnetic field, we
artificially shift up the Fermi energy for the up-spin state and shift down the Fermi energy for the down-spin
state so that the total occupation number is fixed. The calculated Ry is shown in Figs. 3-16 (a) as a function of
the Fermi energy shift. It is found that Ry strongly depends on the energy shift. The normal Hall coefficient is
first negative mainly due to the electron carriers of 41-42th Fermi surfaces. It changes the sign to positive, when

the Fermi energy crosses the upper part of 43-44th bands and the hole-carrier contribution becomes dominant.
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Figure 3-16 (b) shows the relation between the normal Hall coefficient and the magnetization M induced by a
hypothetical magnetic field. Here, the relation between the induced magnetization and the Fermi energy shift
was obtained through the integrated DOS (not shown). In this figure, up-spin and down-spin components of Ry
are also depicted. Ry is tiny at M = 0 (nonmagnetic state) and it shows the negative value, when the spin
polarization is small. The sign of Rx turns to be positive, when the spin polarization becomes large. The rather
complex behavior originates in the non-symmetric electron and hole contributions from the four Fermi surfaces.
At M >3 pp/unit cell, Ry becomes negative and very large in magnitude. We note that the down-spin component
should be zero in the ferromagnetic state of CoS,, because it is half metallic. Therefore, the rigid band model is
no longer valid for such a large spin polarization. Our calculation results suggest that the magnetization induced
by an external magnetic field leads to positive Ry in the nonmagnetic state. The experimental results may be

explained by this scenario.

60
B 40
@)
s 20
3,
50
;2
5 -20
<
()
= -40 | -
<
=
-60 1 ] ] ]
-0.2 0 0.2 04 0.6 0.8
Fermi energy shift (eV)
x107"!
80 I | I

up-spin
down-spin
total

&

Hall coefficient (m”/C)
o

-80 1 1 1
0 1 2 3 4

Magnetization ( u”/unit cell)

Fig. 3-16 (a) Calculated normal Hall coefficient for nonmagnetic CoS; as shifting the Fermi energy. (b) Calculated normal

Hall coefficient for nonmagnetic CoS; as a function of induced magnetization.
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In conclusion, we successfully estimated Rx/ and Rx? of Co(S1..Se.): by assuming that Ry is independent of
the magnetic state. This is the first report to determine the normal Hall coefficients in both the ferromagnetic
and paramagnetic states at the same temperature. Appearance of both magnetic states depending on a magnetic
field in IEM makes it possible to estimate these values, simultaneously. The validity of the above assumption
was checked. The estimated normal Hall coefficients are compared with the theoretical values calculated from
the energy band structures. Fairly good agreement between the experimental and theoretical values was obtained
for the ferromagnetic state. The difference between these two values in the paramagnetic state was discussed

from both experimental and theoretical aspects.
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Chapter 4 Results and discussion on Lu(Co1-<Aly)2 and RCo2 (R=Lu and Er)

In this chapter, first we show the experimental results and analyses of Lu(Co¢.91Alo.09)2. This compound shows
IEM and our analyses shown in Chapter 3 are applicable to the results. Then, we show the results of LuCo». For
the analyses, we adopted Ra of Lu(Coo.01Alo.09)2. Third, the results of ErCo» are presented. We used alternative
analyses to obtain Rn and Ra of ErCo,. The band calculations were performed for ferromagnetic and

nonmagnetic LuCo,.We compare the calculated results with the experimental results in the final section.

4.1 Experimental results and analyses of Lu(Coo.91Alo.09)2

For Lu(Co¢.91Alo.00)2, the measurements were carried out at p = 0.5 GPa as well as at ambient pressure. Figure
4-1 shows the temperature dependence of magnetization of Lu(Coo.91Alo.09)2 at various magnetic fields and at
ambient pressure. The M — T curves were measured on heating. The compound is ferromagnetic at low
temperatures. A sharp magnetic transition was detected at 1 T at around 50 K suggesting a FOMT. With
increasing magnetic field, the transition becomes broader. The Curie temperature can be obtained from the peak
in the —dM/dT vs. T curve. By extrapolating the peak temperature to B = 0, we have Tc = 48 K for
Lu(Coo.91Alp.09)2. The magnetization curves of Lu(CoooiAlooo)> at various temperatures are illustrated in
Fig. 4-2. Above T, the compound undergoes [EM. The transition field increases with increasing temperature.

The hysteresis is quite small at ambient pressure.

25 T T I 1 1
| Lu(CoomAlo.oo)z
20 | 0 GPa .
o 15 F -
=
) -
= 10} 3
5} A
0 1

0 50 100 150 200 250 300
I'(K)

Fig. 4-1 Temperature dependence of magnetization of Lu(Coo.91Alo.09)2 at B =1, 3 and 7 T and at ambient pressure. Data

were obtained on heating.
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Fig. 4-2 Magnetization curves of Lu(Coo.91Alo.09)2 at various temperatures and at ambient pressure. Solid lines are guide

to the eye.

The field dependence of the Hall resistivity of Lu(Coo.01Alo.09)2 at various temperatures and at ambient pressure
is illustrated in Fig. 4-3. Below T¢, the py, — B curves show rapid falls at low fields, which are attributable to
the AHE. Therefore, the compound exhibits the negative AHE. Above the technical saturation, py, has a positive
slope. Above T¢, p», initially decreases with increasing field in the paramagnetic state. When IEM takes place,
pxy rapidly drops due to the negative AHE. At high fields where the ferromagnetic state is induced, the p., — B

curves increases with increasing magnetic field.

Next, we show the results of Lu(Coo.91Alo.09)2 at a pressure of 0.5 GPa. The isothermal magnetization curves
of Lu(Coo.o1Alo9)2 at are displayed in Fig. 4-4. No ferromagnetic behavior was observed and IEM is detected
at 4.2 K. This means that applying a pressure of 0.5GPa stabilizes a paramagnetic state down to the lowest
temperature. The itinerant electron metamagnetic transition is accompanied by a large hysteresis at 4.2 K. The

hysteresis becomes smaller with increasing temperature. Above 40 K, hysteresis almost disappears.
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Fig. 4-3 Field dependence of the Hall resistivity py, of Lu(Coo.91Alo.09)2 at various temperatures and at ambient pressure.
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Fig. 4-4 Magnetization curves of Lu(Coo.91Alg.9)2 at various temperatures and at pressure of 0.5 GPa. Solid lines are

guide to the eye.
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The px, — B curves of Lu(CoooiAlp), at p = 0.5 GPa are displayed in Fig. 4-5. All the curves show
characteristics of IEM described above. The p.,— B curve has a negative slope at low fields, followed by a rapid
fall at around the transition field. Finally, p., increases with increasing field in the ferromagnetic state.

We analyzed the experimental data of Lu(Coo91Alo9): in the same manner as we did in Chapter 3. In the
ferromagnetic state, both M and p,, are approximated by linear functions of B given by eqs. (3.2) and (3.3). We
determined the spontaneous magnetization M °, the high-field magnetic susceptibility yr, the intercept of the
px — B curve py?, and its slope Robs. The anomalous Hall coefficient Ra and the normal Hall coefficient in the

ferromagnetic state Rx/ are obtained from egs. (3.5) and (3.4), respectively.

x107
05 T T T 1 1

Lu(CoomAl )

0.09°2

20K

0 2 4 6 8 10 12
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Fig. 4-5 The py, — B curves of Lu(Coo.01Alo.09)2 at various temperatures and at pressure of 0.5 GPa.

The temperature dependence of Ra both at ambient pressure and at p = 0.5 GPa is illustrated in Fig. 4-6. At
p = 0.5 GPa, the magnetization curves at 20 K and 40 K do not show saturation, so that we used M at 7 T as
MO, 1t is found that the magnitude of R, increases with increasing temperature, which is a usual trend of

ferromagnetic materials below Tc.
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Fig. 4-6 Temperature dependence of Ra of Lu(Coo.91Alo.09)> at ambient pressure and at 0.5 GPa.

The temperature dependence of Ry at ambient pressure is shown by open circles in Fig. 4-7. For comparison,
we plotted Robs, at ambient pressure by closed circles in the same figure. It is found that both Rx’ and Robs are
positive and they increase with increasing temperature. Moreover, Ry’ is larger than Robs. This is because R is
negative. The difference between Rx’/ and Robs is growing as the temperature is elevated. We were unable to
estimate ynr and hence Ry’ at p = 0.5 GPa, because IEM is not completed at the highest magnetic field of 7 T.
Then, we plotted Rons at p = 0.5 GPa by closed squares in Fig. 4-7. The Robs values at p = 0.5 GPa are slightly
larger than those at ambient pressure. Since the Ra values at p = 0.5 GPa are not so different from those at
ambient pressure, we can deduce that Ry/ at p = 0.5 GPa is slightly larger than that at ambient pressure. These

results strongly suggest Rn’ of Lu(Coo.01Alo.00)2 is in the range of 10-50 x 10~"'m?/C below 70 K.

Before analyzing the Hall resistivity in the paramagnetic state, we checked the relation between p,,° and r..” of
Lu(Coo.91Alp.00)2 at ambient pressure, which is shown in Fig. 4-8. A nearly linear relation between them is
obtained, suggesting that the skew scattering is dominant in the AHE of Lu(Co0¢.91Alo.09)2. Then, we assume that

Ra is independent of the magnetic state of Lu(Cog.91Alo.09)2, as we have done for Co(S;..Sex)o.
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Fig. 4-7 Temperature dependence of Rops and Ry’ of ferromagnetic Lu(Coo.91Alo 09)2 at ambient pressure and at 0.5 GPa.
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Fig. 4-8 Plots of py, vs. 1 of Lu(Coo.91Alo.09)2. The solid line represents the linear least square fit.
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Eqgs. (3.6) - (3.8) are applied to estimation of Rn” of Lu(Coo.91Alp.00)2. Unfortunately, the paramagnetic state is
realized in a narrow field range, which makes it difficult to obtain both Rqs and 7y, of Lu(Coo.91Alo.09)> With
satisfactory accuracy. We only obtained them at (p = 0 GPa, T = 70 K) and at (0.5 GPa, 40 K), which are listed
in Table 4-1. The estimated R\’ values are negative, which are opposite in sign to Rv/. The absolute values of
R\ are larger than those of Rv. We have measured the p,, — B curves of Lu(Coo91Alg o) at 150 K and 200 K,
which are displayed in Fig. 4-9. The measurements were carried out at ambient pressure. The Hall resistivity is
linearly decreased with increasing field. The Robs values are —120 x 107"'m*/C at 150 K and —70 x 10™"'m3/C at
200 K. Since AHE becomes very small at high temperatures, the negative Robs is mostly attributed to Ry’. These
results support that R\’ is negative for Lu(Coo.91Alg.09)o.

Table 4-1 Observed Robs, the anomalous Hall term Ray,, and estimated Rn? of paramagnetic Lu(Coo.91Alo.09)2.

P T Robs RAXp RNp
(GPa) (K) (10'm¥C) (10"'m¥C) (10" m%/C)

0 70 —274 -175 -99

0.5 40 240 —-66 —-174
x10°®
0.5 1 1 1 1 1 1 1
Lu(Co Al )
091" 0.092
0 0 GPa .

_1.5 1 1 L | 1 1 1
0 1 2 3 4 ] 6 7 8

B(T)

Fig. 4-9 The p., — B curves of Lu(Coo.91Alo.09)2 at 150K and 200 K. The measurements were carried out at ambient pressure.
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4.2  Experimental results and analyses of LuCo,

Figure 4-10 shows the p,, — B curves of LuCo» at various temperatures. In the whole temperature range studied,
pxy increases linearly with increasing B. This is because both the NHE and AHE are proportional to B in the
paramagnetic state, as described in section 1.7. The results indicate that Rqs of LuCo; is strongly dependent on
temperature. Fig. 4-11 shows the temperature dependence of Rops of LuCo2. The Robs is 102 x 107! m3/C at 4.2
K and it decreases nearly linearly with increasing temperature down to 14 x 10! m*/C at 70 K. The Rops at 150
K is nearly the same as that at 70 K. As given in eq. (3.8), we need Ra to separate Ry’ from Robs. Since Ra of
LuCo: is not known, we substitute R of Lu(Coo.91Alg.09)2 (Fig. 4-6) for it. The magnetic susceptibility of LuCo»
gradually increases from 7 x 10 emu/g to 8 x 10 emu/g with increasing temperature from 4.2 K to 70 K [19].
Using these values, we estimated Ray, and R\’ at 4.2 K, 40 K and 70 K, which are listed in Table 4-2. It is
found that Ray, is not sensitive to temperature. The R\’ is decreased with increasing temperature from
106 x 107" m*/C (4.2 K) to 24 x 10" m?*/C(70 K). The magnitude of Ray, is only 4 % of Robs at 4.2 K, while
it is comparable to Rqs at 70 K. The above Ra is of the same order of magnitude as those of Co(Si.Sex):
described in Chapter 3. These results suggest that strong temperature dependence of Rops is attributable to Rx".
It is interesting to note that R\’ is positive in LuCo,, while it is negative in Lu(Coo.91Alo.09)2. The origin of the

sign change in RN" in Lu(Co,..Al,)2 will be discussed later.
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Fig. 4-10 Field dependence of the Hall resistivity py, of LuCo; at various temperatures.
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Fig. 4-11 Temperature dependence of Rops of LuCos. A solid line is guide to the eye.

Table 4-2 Observed Robs, the anomalous Hall term R, and estimated Rn? for LuCo,.

T Robs Rayy Ry?
(K) 101 m¥C) (101 m¥YC) (10" m¥/C)
4.2 102 —4 106
40 57 —6 63
70 14 -10 24

4.3  Experimental results and analyses of ErCo,

Figure 4-12 shows the isothermal magnetization curves of ErCo, at various temperatures. The resistivity
measurements (not shown) revealed that 7c = 34 K for our sample. The M — B curves in Fig. 4-12 resemble to
Fig. 1-11, in which the magnetic field is applied parallel to the [111] direction. Below 7c, the compound is
ferrimagnetic. Above T¢, IEM is observed. The magnetization increases rapidly below the transition field Bc.
Above Bc, the ferrimagnetic state is induced and the M — B curves have small slopes. As the temperature is
elevated, Bc is higher and the transition is broader. No metamagnetic transition is observed up to 7 T above
475 K.

Figures 4-13 (a) and 4-13 (b) show the field dependences of p., of ErCo, below 7c (10 K < T'< 30 K) and
above Tc (35 K £ T <100 K), respectively. Below Tc, the p., — B curves show ferromagnetic (or ferrimagnetic)
behavior. The Hall resistivity shows a rapid rise at low fields, followed by another linear line with a smaller

slope. A rapid rise at low fields originates in the AHE and a linear variation of py, at high fields is due to the
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NHE. The results indicate that both the AHE and NHE are positive in the ferrimagnetic state of ErCo,.

The px, — B curves above ¢ are dramatically different from those below 7c. They are characterized by large

and negative p.,. The Hall resistivity first decreases with increasing B, showing a minimum at an appropriate

field, and then abruptly increases, when IEM takes place. In the ferrimagnetic state above Bc, px, increases

linearly with increasing field.
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Fig. 4-12 Isothermal magnetization curves of ErCos.
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To estimate Rx (Rx and Ry ) and Rx we adopt alternative analysis. Dividing eq. (3.1) by B, we have,

Px M
=Ry R (4.1)

This equation means that the p., /B vs. M/B plots collapse onto a straight line, when eq. (3.1) holds. The

coefficients Ry and Ra are obtained from the intercept and the slope, respectively. For the plots, we have to
prepare (p.(B), M(B)) data. For py, (B), we used the measured data below 7 T. The M(B) data were obtained
from interpolation after smoothing the measured M — B curve. Fig. 4-14 (a) displays the px,/B vs. M/B plots of
ErCo; below 30 K. In these plots, data with B < 1.4 T were eliminated. Note that higher magnetic fields give
smaller M/B values. Since we have not measured the M — B curve at 10 K, the magnetization data at 4.2 K were
adopted. The results indicate linear relations between p.,/B and M/B for ErCo, below 7c. The normal Hall
coefficient is estimated by extrapolating the line to M/B = 0. Ry is about 35 x 107''m*/C below 30 K. The
anomalous Hall coefficient is obtained from the slope of the line. The Ra at 30 K is about three times as large
as that at 20 K. The p., /B vs. M/B plots of ErCo, at 35 K < 7'< 52.5 K are depicted in Fig. 4-14 (b). In contrast
to the plots below T¢, the py, /B shows complicated M/B dependence. For 35 K < 7 < 42.5 K, px, /B varies
linearly at high fields (at low M/B portions), because the ferrimagnetic state is stable above Bc. We estimated
R\ and Ra in the induced ferrimagnetic state. Temperature dependence of Ry and Rs of ErCo, in the
ferrimagnetic state below and above 7 is illustrated in Fig. 4-15. The R\ above T¢ is about 15 x 107"'m?/C,
being somewhat smaller than that below 7c. The Ra increases continuously from 0.04 to 0.28 x 10® m*/C with
increasing temperature from 10 to 40 K.

Next, we focus on the py, /B vs. M/B plots in the paramagnetic state. As shown in Fig. 4-14 (b), px, /B deviates
from a straight line near Bc. At 35 K, deviation of p., /B starts at around M/B = 3.2 ug/fu. T (B = 1.5 T), though
it is not shown in the figure. We found that the p., /B data lie on a different straight line below the transition
field just above Tc. This linear relation is observed in the field range 0f 0.63 < B <23 Tat40 Kand 0.67<B<
3.4 T at 42.5 K. The transition fields determined from a peak position of dM/dB are 2.8 T and 4.4 T at 40 K and
42.5 K, respectively. Dash-dotted lines in Fig. 4-14 (b) represent least squares fits of straight lines to the sets of
data points near Bc. It looks that the linear portion shifts toward higher fields, as the temperature is raised.
Assuming that this linear relation means eq. (4.1), we estimated Ry and Ra of ErCo; in the paramagnetic state.
Temperature dependence of Ry’ and Ra of ErCo; in the paramagnetic state is displayed in Fig. 4-16. The results
suggest that R\’ is positive, while R4 is negative in the paramagnetic state. These results are also supported by
pxy at 100 K (shown in Fig. 4-13 (b)), which initially decreases with increasing field and increases at high fields.
Since the AHE is dominant at low fields, it is plausible that the paramagnetic state of ErCo, has positive Ry’
and negative Ra. Therefore, large negative p,, in the paramagnetic state of ErCo; is attributable to the negative
AHE. The R\’ value is about 200 x 10~''m?/C just above T¢, which are one order of magnitude larger than those
in the ferrimagnetic state and of the same order of magnitude as that of LuCo, at 4.2 K. The absolute values of
Ra in the paramagnetic state are also much larger than those in the ferrimagnetic state. Both Ry’ and Ra show
weak temperature dependence. Our results indicate that the AHE changes the sign from positive to negative,
when ErCos undergoes a FOMT from the ferrimagnetic to paramagnetic state. The origin of sign change in Ra

of ErCo, will be discussed later.
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Fig. 4-14 (a) pxy /B vs. M/B plots of ErCos at 10 K < 7<30 K (below 7¢). (b) The plots at 35 K < 7< 52.5 K (above Tc).

Dash-dot lines represent least squares fits of straight lines to the data near Bc.
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Fig. 4-15 Temperature dependence of R\ (circles )and Ra (squares) of ErCo, in the ferrimagnetic state. Solid lines are

guide to the eye.
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4.4  Energy band structure of LuCo,

To evaluate Ry of RCo; theoretically, we carried out density-functional theory calculations for nonmagnetic
and ferromagnetic LuCo,. The lattice parameter was fixed at their experimental value, a = 7.108 A [66]. The
muffin-tin radii are set as 1.2 A and 1.0 A for Lu and Co, respectively. The first Brillouin zone of the C15 Laves
phase structure is depicted in Fig. 4-17. Figures 4-18 (a) and 4-18 (b) show the energy band structures of
nonmagnetic and ferromagnetic LuCo,, respectively. The total density of states (DOS) and Co-d partial DOS
are shown in Figs. 4-19 (a) and 4-19 (b) for nonmagnetic and ferromagnetic states, respectively. The Co-d bands
make a dominant contribution to the total DOS in the energy range from —2 to +0.5 eV. Two sharp peaks
originating from van Hove singularities are visible near the Fermi energy er, which are responsible for magnetic
instability in the C15 Laves phase compounds containing 3d transition metals [67-69]. In the nonmagnetic state,
the Fermi level is located near the bottom of the valley between two peaks. This is preferable for onset of IEM,
because the DOS at the Fermi energy N(er) is increased by the application of magnetic field, as described in
section 1.1 (see Fig. 1-2). In the ferromagnetic state, er lies below two sharp peaks in the DOS of down-spin
bands, while the up-spin d bands are nearly full-filled. The calculated Co moment is 1.07 pg, which is larger
than that determined from the high-field magnetization curve of LuCo,, 0.7 pg [27]. This calculated value is,
however, in agreement with the observed Co moment in DyCo», HoCo, and ErCo», 1.0 ug [29, 30, 70]. These
facts suggest that 1.0 pg is the saturation value of Co moment in RCo, compounds. This is understandable from
the DOS in Fig. 4-19 (b). The up-spin d bands are almost full-filled in the ferromagnetic LuCo,, so that further

band splitting is no longer induced by a molecular field.
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Fig. 4-17 The first Brillouin zone of LuCo» with high symmetry points.
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Fig. 4-18 Energy band structures of nonmagnetic LuCo; (a) and ferromagnetic LuCo; (b) along the symmetry axes in the

Brillouin zone. The Fermi energy e is set to zero. In (b), red and blue curves represent the up-spin and down-spin bands,

respectively.
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The Fermi surfaces of nonmagnetic and ferromagnetic LuCo» are illustrated in Figs. 4-20 (a) and 4-20 (b),
respectively. The Fermi surfaces of nonmagnetic LuCo; are formed by the 40th, 41st, and 42nd bands. The 40th
Fermi surface shows a multiply connected shape centered at the I point. The 41st Fermi surface forms a large

bumpy sphere centered at the I' point. The 42nd Fermi surface is composed of the surfaces centered at the X

points.
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Fig. 4-19 Calculated DOS of nonmagnetic LuCo; (a) and ferromagnetic LuCo, (b). Black and blue painted curves represent

the total and Co-d partial DOS, respectively.
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The Fermi surfaces of ferromagnetic LuCo, are formed by the 43rd and 44th bands for the up-spin state and
the 36th-40th bands for the down-spin state. The 43rd surface has a spherical shape centered at the I" point with
the tubes pointing along the A (I'L) axis and connecting around the L point. The Fermi velocities on the tubes
are quite large. The 44th surface shows a flat propeller-like shape centered at the X points. The Fermi velocity
at the W point is considerably large. The 36th-38th Fermi surfaces are small spherical or connected spherical
hole pockets around the I" point. The 39th surface forms a large spherical shape centered at the I" point with the
tubes pointing along the A (I'X) axis and connecting around the X point. The 40th surface shows a large spherical
shape centered at the I" point with the tubes pointing along the A (I'X) and A (I'L) axes and connecting around
the X point and L point, respectively.

We calculated the DOS at the Fermi energy N(er), the root mean square of the Fermi velocity vr, and the
normal Hall coefficient Ry for nonmagnetic and ferromagnetic LuCo,, which are listed in Table4-3. The N(eF)
of nonmagnetic LuCo, is comparable to that previously reported [18]. The N(er) of ferromagnetic LuCos> is
larger than that of nonmagnetic LuCo». This is because the 39th Fermi surface and the 40th Fermi surface for
the down-spin state make a significant contribution to the DOS in the ferromagnetic state. The Fermi velocity
of nonmagnetic and ferromagnetic LuCo, is in the range of 0.16-0.20 x 10® cm/s. It is found that the normal
Hall coefficients of both nonmagnetic and ferromagnetic LuCo, are positive with almost the same values of
about 30 x 107! m%/C.

The positive Rx of nonmagnetic LuCo, indicates that the positive (hole-like) contributions from the 40th and
41st surfaces are larger than the negative (electron-like) contribution from the 42nd surface. In the ferromagnetic
state, the down-spin 39th large surface and the up-spin 43rd surface with the high Fermi velocities lead to the

positive Rx.

Table 4-3 Calculated density of states (DOS) at Fermi energy N(er), the root mean square of the Fermi velocity vr, and

normal Hall coefficient Ry of nonmagnetic and ferromagnetic LuCo,.

Nonmagnetic LuCo; Ferromagnetic LuCo;
N(er) [States/eV/unit cell] 5.509 7.175
vr [10% cm/s] 0.167 0.201
Rn[107" mP/C] 32.891 30.710
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Fig. 4-20 Fermi surface and Fermi velocity of nonmagnetic LuCo> (a) and ferromagnetic LuCo, (b). In (b), up and down
represent the up-spin and down-spin states, respectively. The inner side around the I" point of all the Fermi surfaces is

occupied by hole.
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4.5 Discussion

First, we compare the experimental Ry's with the calculated ones and discuss their differences. The calculated
Rx of ferromagnetic LuCo is 30.7 x 107" m*/C. We have two experimental data on R\ for RCo; in the present
study: ErCo» and Lu(Copo1Aloo)2. In general, the energy level of 4f orbitals is far below the Fermi level.
Therefore, 4f electrons do not affect the electronic state near the Fermi level. Er has eleven electrons in the 4f
orbitals. It is quite difficult to calculate the energy band structure of ErCo, with satisfactory accuracy, because
the crystal field effects for 4f electrons should be taken into account. In the case of Lu, the 4f orbitals are fully
occupied, so that we can treat 4f electrons as core electrons. These electrons do not form the energy band, which
enable us to calculate the energy band structure and hence the Fermi surface accurately. It is reasonable to
compare the calculated Ry of ferromagnetic LuCo, with the experimental Ry of ErCos.

The R\ of ErCo; is about 35 x 107" m*/C below Tc and 15 x 107" m*/C above Tc. The origin of a sudden
change in RN/ at Tcis unclear. Above T, a ferrimagnetic state is induced by a magnetic field. The paramagnetic
state below Bc may affect R\ of the ferrimagnetic state. For example, if some Er moments remain paramagnetic
just above Bc due to concentration fluctuations or crystal imperfections, they decrease py, through the AHE and
hence reduce Ry/'. In this sense, R\ determined below 7¢ seems to be more reliable. Accordingly, the calculated
R\ for ferromagnetic LuCo; is in agreement with the experimental Ry of ferrimagnetic ErCo,. In the case of
Lu(Coo.91Alo.00)2, Ry is dependent on temperature. It increases from 10x 10"'m?*/C to 50 x 10"'m?*/C with
increasing temperature from 4.2 K to 70 K. The calculated Ry of ferromagnetic LuCo is in the range of the Rx/
values. In this context, the agreement between the calculation and the experiments is satisfactory in the
ferromagnetic state.

Quite recently, Huang et al. reported Hall effect of TbCo» and DyCoa,. [71]. They estimated the normal and
anomalous Hall coefficients of these compounds at various temperatures. Temperature dependence of Ry of
TbCo: and DyCo, are shown in Fig. 4-21 (in this figure, the normal Hall coefficient is represented as Ro). Note
that pQcm/T equals to 10* m*/C. Their results indicate that Ry of these compounds is 20~30x 107" m*/C in
the ferrimagnetic state below 100 K. These results are also in agreement with our calculated results. They

reported that Ry changes the sign from positive to negative at high temperatures. The reason is not clear.
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Fig. 4.21 Temperature dependence of the normal Hall coefficient (represented as Ro) of TbCo, and DyCo» [71].

The energy band calculations give Ry = 32.9 x 107" m*/C for nonmagnetic LuCo,. This value is close to that
of ferromagnetic state. It is difficult to make a quantitative comparison between the calculated results and the
experimental results of LuCo,, because RN’ strongly depends on temperature. As shown in Table 4-2, Ry’ of
LuCo; is 106 x 107" m3/C at 4.2 K, while it decreases to 24 x 10~''m?/C, when the temperature is raised to 70
K. As described in 1.6.1, the normal Hall coefficient is calculated in the constant T approximation. The strong
temperature dependence of R\ of LuCo; suggests that & dependence of t cannot be neglected. The main origins
of 1 are the impurity scattering and the electron-phonon scattering [72]. At very low temperatures, the impurity
scattering is dominant and t is isotropic [73]. At high temperatures, the scattering of electrons by phonons tends
to be isotropic [74,75]. Therefore, egs. (1.17)-(1.19) are applicable either at the low temperature limit or at the
high temperature limit. Experimentally, Robs seems to be temperature independent above 70 K. Though the
calculated Ry is comparable to the roughly estimated value at 70 K, we should be very careful to reach a definite
conclusion. To clarify the origin of temperature dependence of Ry of LuCo,, further theoretical and experimental
studies are necessary. The large Ry of paramagnetic ErCo, may be due to the same origin as the large Ry of
LuCo; at low temperatures. We point out that the calculated Ry is positive, which is the same sign as the
experimental results. This fact implies that the hole-like Fermi surfaces mainly contribute to the NHE in LuCos.

In contrast to LuCo,, RV of Lu(Cooo1Alo)2 is negative. Therefore, Ry changes the sign from positive to
negative by the substitution of Al for Co in LuCo,. We discuss the origin of the sign change in RN’ in the
framework of a rigid-band approximation. We calculated Rx of nonmagnetic LuCo» by artificially shifting up
the Fermi energy for the up-spin state and shifting down the Fermi energy for the down-spin state so as to
maintain the total occupation number. The calculated Ry is shown as a function of the energy shift, Ae in Fig.
4-22. It is found that the normal Hall coefficient changes the sign from positive to negative at around Ag = 0.035

eV. With increasing Ag, Ry has a minimum value of —125 x 107!'m?/C at A = 0.085 ¢V and then increases. At
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higher Ae, Ry becomes positive, again. The sign reversal of Ry originates in the change in Fermi surfaces. As
described in section 4.4, the Fermi surfaces of nonmagnetic LuCo, consist of three bands. The 40th and 41st
bands compose hole-like Fermi surfaces and the 42nd band makes an electron-like Fermi surface. The 40th and
41st Fermi surfaces are responsible for the positive Ry. When the Fermi level is shifted, the 40th and 41st bands
are occupied more and their Fermi surfaces shrink. These bands are fully occupied at around Ag = 0.035¢eV.
Further increase in Ag to 0.085 eV expands the 42nd electron-like surface, which gives a large negative Rn. We
believe that Fermi level shift by the substitution of Al for Co is responsible for the negative Ry’ of
Lu(Coo.91Alo.09)2 -

S

O
S
T

Hall coefficient (m*/C)

-100 |

nonmagnetic LuCo,

-150 I 1 I I
-0.4 -0.2 0 0.2 0.4 0.6

Fermi energy shift Ae (eV)

Fig. 4-22 Calculated normal Hall coefficient for nonmagnetic LuCo, as of shifting the Fermi energy.

Finally, we discuss on the sign change in the AHE of ErCo,. Our results suggest that Ra of ErCos is positive
in the ferrimagnetic state, while it is negative in the paramagnetic state. The sign change in the AHE was reported
for some rare-earth elements and compounds [76-78]. The temperature dependence of AHE of TbAl; is
illustrated in Fig. 4-22 [78]. The compound has positive Ra at low temperatures. With increasing temperature,
R4 initially increases and shows a maximum at around 0.6 7¢. Further increase in temperature causes a reduction

in Ra and the AHE becomes negative above 0.7 Tc. Similar behavior was also observed for pure Dy [76] and
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Tb [77], but no sign change in Ra was found for pure Gd [79]. These results suggest that the sign change in the
AHE is associated with the non-zero orbital angular momentum of the 4f electrons. The sign change in Rx has
been explained in terms of the impurity scattering. Kondo discussed the AHE on the basis of the s — d (f)
interaction [80]. Though he did not assume the presence of impurity, Maranzana pointed out that the asymmetric
terms derived by Kondo can be regarded as the origin of skew scattering [81]. Giovannini found that another
term, which was neglected by Kondo, can explain the sign change in the AHE in rare-earths [82]. Fert showed
that, besides the skew scattering, the side-jump mechanism also contributes to the sign change in the AHE [83].
By combining these two mechanisms, he successfully explained the temperature dependence of the AHE of Tb.
These models (skew scattering alone and skew scattering plus side-jump mechanism) are applied to
ferromagnetic TbAl,, which are shown by the lines in Fig. 4-22 [78]. Therefore, the sign change in the AHE in

ErCos,. can be understood in terms of the impurity scattering.

ph [108Qem]

T/Te

Fig. 4-22 Anomalous Hall resistivity of TbAl, below T¢. Closed circles represent the experimental values. A solid line is

the calculated results by assuming skew scattering plus side-jump mechanism and a dashed line by assuming skew

scattering alone [78].
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Quite recently, Huang et al. reported the AHE of DyCo, and TbCo» [71]. Temperature dependence of R of
TbCo, and DyCo; are shown in Fig. 4-23 (in this figure, the normal Hall coefficient is represented as Ru). These
compounds show the positive AHE. No sign change in R was observed at around 7¢. They discussed the AHE
of DyCo» and TbCo in terms of the intrinsic effect due to topology. In RCo,, Co atoms form a kagome lattice.
It is known that a kagome lattice can host non-trivial topological states due to geometrical frustration. These
kagome magnets exhibit a large AHE due to the Berry phase effect [84]. Magnetic frustration does not exist in
the Co sublattice of RCo,. However, they claim noncoplanar magnetic structure can be realized in DyCo» and
TbCo:, at high temperatures, which can cause a large AHE near 7c. This speculation should be clarified. To
understand the origin of AHE, further experimental and theoretical studies on Hall effect of RCo, are strongly

desired.

(d) 30 T T T T T

_-10, 1 L - | 1 L
0 50 100 150 200 250 300
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Fig. 4.23 Temperature dependence of the anomalous Hall coefficient (represented as Ry) of TbCo, and DyCos [71].

In summary, we have studied the Hall effect of Lu(Coo.91Alo.09)2, LuCo, and ErCo,. Assuming that R in the
ferromagnetic state is the same as that in the paramagnetic state, we estimated Ry’ and Ry’ of Lu(Co0o.01Alo.09)2.
For LuCo», p., varies linearly with increasing field. Our analyses suggest that Ry’ of LuCo; is positive and
temperature dependent. The p., — B curves of ErCo, below 7¢ show ordinary ferromagnetic behavior with
positive R\ and Ra. On the other hand, the p,, — B curves exhibit quite different behavior above Tc. The pyy
initially decreases with increasing field and shows a minimum, followed by abrupt increase at around Bc. We
found that positive R\’ and negative Ra can account for these px, — B curves above Tc. These results are
indicative of the sign change of Ra at Tc. We discussed the origin of the sign change of R4 in terms of the

impurity scattering model of AHE. The calculated Rx of ferromagnetic LuCo, are comparable to RN of
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Lu(Coo.91Alo.09)> and ErCos. On the other hand, the energy band calculations for nonmagnetic LuCo, give
positive Ry, which is opposite in sign to the experimental Rn? of Lu(Coo.91Alo.09)2. We have shown that a slight
shift of the Fermi energy causes the sign change of nonmagnetic Ry, from positive to negative in the framework

of a rigid band approximation.
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Chapter 5 Results and discussion on La(Fe1-,Siy)13

5.1 Experimental results and analyses of La(Fei..Siy)i3

As shown in Fig. 1-14, the Curie temperature of La(Fei..Six)13 compounds is about 200 K, when they undergo
the FOMT. In our apparatus, it is difficult to keep the temperature within 0.1 K during the measurements above
200 K. Fujita et al. reported that applying pressure reduces 7c¢ of La(Fei..Siy)i3 at a rate of 100 K/GPa for
x =0.12 [40]. Figure 5-1 shows our data of the temperature dependence of magnetization of La(Feo 3sSio.12)13 at
various pressures. The measurements were carried out in a field of 1.0 T. At ambient pressure, the compound
undergoes the FOMT from a ferromagnetic state to a paramagnetic state at a 202 K. With increasing pressure to
1.0 GPa, Tc is decreased to 106 K . At p = 1.0 GPa, the FOMT is quite sharp accompanied by a large thermal
hysteresis of about 20 K. Thus, we measured the Hall resistivity and magnetization of La(Fe;..Si\)i3 with
x=10.12 and 0.10 at 0.5 GPa and 1.0 GPa.

2 I 1 I I I
\ La(FeO.SSSIO.IZ)IJ
1.5 | N R
2 ——0 GPa
3‘“ 1 L T l Tl Tl/ ——0.5GPa
= —a—1.0 GPa
0.5
e
0 1

1 | | |
0 50 100 150 200 250 300
r(K)

Fig. 5-1 Temperature dependence of magnetization of La(FeossSio.12)13 at various pressures.

The temperature dependence of p., of La(Feo3sSio.12)13 at 0.5 GPa is depicted in Fig. 5-2, together with the M —
T curve. The measurements were carried out in a field of 1.0 T. The Hall resistivity is large at low temperatures
and it increases with increasing temperature, followed by a sudden drop at 7c. Above Tc, pxy exhibits a Curie-
Weiss type tail, which was pointed out by Fujita and Takenaka [85]. Figure 5-3 displays the temperature
dependence of p. of La(FeossSioi2)13 at 0.5 GPa. The compound shows a peak at 7c. Besides, the residual

resistivity pxo is very large (~100 p€2 cm). These results are in agreement with the previous reports [86-88].
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Fig. 5-2 Temperature dependences of p,, and M of La(Feo.sSio.12)13 at 0.5 GPa.
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Fig. 5-3 Temperature dependence of the longitudinal resistivity, px. of La(Feo.83Si0.12)13 at 0.5 GPa.
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The magnetization curves and the field dependence of the Hall resistivity of La(Feo.s3Sio.12)13 were measured at
1.0 GPa. The M — B curves at various temperatures are illustrated in Fig. 5-4. The compound exhibits
ferromagnetic behavior at 4.2 K and 70 K. Above 105 K, IEM is observed. The metamagnetic transition is
accompanied by a large hysteresis. In the paramagnetic state, the magnetization rapidly increases at low fields
and it increases linearly with increasing field. A rapid rise in the magnetization originates in a ferromagnetic
impurity a-Fe(Si), which was detected in the X-ray diffraction pattern. Since the Curie temperature of a-Fe(Si)
is higher than room temperature, it is saturated at low magnetic fields. Therefore, a straight portion below Bc is
attributable to intrinsic paramagnetic behavior of La(Feo.ssSio.12)13. The field dependence of the Hall resistivity
of La(Feos3Sio.12)13 at various temperatures is illustrated in Fig. 5-5. Below 70 K, p;, increases rapidly at low
field. This is due to the AHE. The results indicate that the AHE of La(Feo.3sSio.12)13 is positive. At higher fields,
pxy tends to saturate. Above 105 K, p, is increased with increasing B in the paramagnetic state. When IEM
takes place, p», shows a positive jump. We notice that the magnitude of AHE of La(Feos3Sio.12)13 is very large
compared with that of the other systems in the present study. Especially at 4.2 K or 10 K, the magnitude of AHE
are about 0.5x107® Qm, 1.5x107® Qm for Co(S;.+Sex)> and Lu(Coo.91Al.09)2, respectively. On the other hand, that
of La(Feo.ssSio.12)13 is nearly 5x107® Qm. As shown later, the AHE of La(Feg.90Sio.10)13 is nearly the same as that
of La(Feo.3Sio.12)13. Therefore, the AHE of La(Fei..Siy)13 is 3-10 times as large as that of the other systems. We
point out that p,, in Fig. 5-2 is mostly originates in the anomalous Hall resistivity. This is important for the

analysis of the AHE in the following subsection.

La (Fe) . Si) ,);; 1.0GPa

25 1 1 | | | 1 1
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T
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—— 105K
——110K
51 —— {8 K
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0 1 2 3 4 5 6 7 8

B (T)
Fig. 5-4 M — B curves of La(FeogsSio.12)13 at 1.0 GPa.
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Fig. 5-5 p.y, — B curves of La(Feo 3sSio.12)13 at 1.0 GPa.

The magnetization curves of La(Feo.90Sio.10)13 were measured just above Tc at 0.5 GPa, which are shown in
Fig. 5-6. Between 155 K and 170 K, the M — B curves show sharp IEM. In contrast to La(Feo3sSio.i12)13, the
magnetization of La(Feo00Sio.10)13 increases linearly in the paramagnetic state below Bc. These results suggest
that the amount of ferromagnetic impurity is quite small for this sample. The p., — B curves of La(Feo.00Si0.10)13
were depicted in Fig. 5-7. Between 155 K and 170 K, p., increases first linearly and then more rapidly with
increasing field in low fields. At B¢, the compound shows a large positive AHE. In high fields, the Hall resistivity

tends to saturate. These features are similar to the p., — B curves of La(FeossSio.12)13.
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Fig. 5-6 M — B curves of La(Feo.90Si0.10)13 at 0.5 GPa.
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Fig. 5-7 pxy — B curves of La(Feo.90Sio.10)13 at 0.5 GPa.
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Fujita ef al. measured the p,, — B curves of La(FeossSio.12)13 under pressures, independently. Their results at a

pressure of 1.2 GPa are shown in Fig. 5-8, which are in qualitatively agreement our results [89].
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Fig. 5-8 The px, — B curves of La(FeossSio.12)13 at a pressure of 1.2 GPa measured by Fujita [89].

As will be discussed in the following section, it is inadequate to assume that R in the ferromagnetic state equals
to that in the paramagnetic state in La(Fe;..Six)13. Thus, we analyzed the Hall resistivity of La(Fe;..Six)13 only in
the ferromagnetic state. We found that p, in the ferromagnetic state is not well approximated by eq. (3.3)
(P = px’ T RopsB). Then, we analyzed the Hall resistivity of La(Fei..Si,)i3 on the basis of eq. (4.1)
(pw/B= Rn + RaM/B). For the p./B vs. M/B plots, we adopted the data in both field-increasing and field-
decreasing processes in a wide field region of the ferromagnetic state. As described previously, the
magnetization of La(Feos3Sio.i12)13 is affected by the ferromagnetic impurity. We use both the raw data and the
corrected data for the analyses. The correction was made by subtracting a ferromagnetic component from the
measured magnetization by assuming a linear dependence on B in the paramagnetic state. Typical examples of
the p./B vs. M/B plots are illustrated in Figs. 5-9 (a) - (¢). In Fig. 5-9 (a), the plots of La(FeosSio.12)13 at 110 K
are given with the raw M data (red symbols) and the corrected M data (blue symbols). Solid lines represent least
squares fits of straight lines to the data, from which Ry and Ra were determined. We confirmed that Pearson
correlation coefficient is higher than 0.9995 for all the least squares fittings.

The temperature dependence of Ry for La(FeossSio.12)13 and La(Feo.00Sio.10)13 are shown in Fig. 5-10 (a) and 5-
10 (b), respectively. For La(Feo3sSio.12)13, we got the intercepts of the p./B vs. M/B plots with and without
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correction for the magnetization and adopt the mean value as Ry. Large error bars in Fig. 5-10 (a) are due to
inaccuracy in correction of the magnetization. Error bars in Fig. 5-10 (b) are obtained from 95% confidence
intervals in the least squares regression. For La(FeossSio12)13, Ry is positive at low temperatures, while it

suddenly decreases at around 100 K. Above 110 K, R\ becomes negative. Similar sign change in R\ is observed

for La(Feo.00Si0.10)13 at around T¢, though the data were available in the narrow temperature range near 7c.
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Fig. 5-9 (a) px/B vs. M/B plots of La(Feos3Sio.12)13 at 110 K. Red and blue symbols represent the plots with the raw M data
and the corrected M data, respectively. (b) The plots of La(FeossSio.12)13 at 4.2 K and 105 K. The corrected M data were
used for analyses. (c) The plots of La(Feo.90Si0.10)13 at 155 K and 160 K. Solid lines represent least squares fits of straight

lines to data.
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Fig. 5-10 Temperature dependence of Ry for La(FeossSio.12)13 (a) and La(Feo.90Sio.10)13 (b).

The temperature dependence of Ra for La(Feo ssSio.12)13 and La(Feo.90Sio.10)13 are shown in Figure 5-11. For both

compounds, Ra increases with increasing temperature in the temperature range studied.
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Fig. 5-11 Temperature dependence of Ra of La(FeossSio.12)13 and La(Feo.00Si0.10)13.

Figure 5-12 displays the magnetoresistance (MR) (MR — B curves) of La(Feo s3Sio.12)13 between 110 K and 130

K. The MR is defined as MR = {I’XX(B) —r, (O)} /1, (0), where r, is the transverse resistivity. The MR — B
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curves exhibit a positive jump associated with IEM. This is consistent with the temperature dependence of the



longitudinal resistivity (Fig. 5-3), in which the ferromagnetic state has higher resistivity than the paramagnetic
state. Above Bc, the MR decreases with increasing field. This is probably because the electron-magnon

scattering is suppressed in high fields.
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; —— 120K
| 10GPa — 130k | |

MR (%)

B (T)
Fig. 5-12 Magnetoresistance (MR) curves of La(FeqssSio.12)13 between 110 K and 130 K at 1.0 GPa.

5.2 Discussion

First, we discuss the AHE of La(Fe;..Siy)i3. Karpenkov et al. reported Hall effect of LaFei;5Sii s [88]. This
composition corresponds to x = 0.885 in our notation, La(Fe;..Siy)13 and 7¢ of the compound is about 210 K.
The p., — B curves of the compound at ambient pressure are shown in Fig. 5-13. They did not observe IEM at

220 K but the reason is unclear.

w

Py pOhm*cm
o

;,LOH, T

Fig. 5-13 The p., — B curves of LaFe; 5Sii 5 at ambient pressure reported by Karpenkov et al. [88].
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To separate the intrinsic and extrinsic contributions to the AHE, Karpenkov ef al. used Tian—Ye—Jin scaling

model [90], which is given by,
pxy:apxx0+l3pix0+bpix1 (51)

where p.o is the residual resistivity and o, 3 and b are coefficients. Originally, this equation was proposed
empirically from the analyses of AHE of Fe thin films with different thickness. In this equation, bp.*> comes
mostly from the intrinsic contribution due to Berry phase effect and opxo term represents the extrinsic skew
scattering. Moreover, Bpxxo® term is attributable to the skew scattering plus side jump contribution. Karpenkov
et al. applied eq. (5.1) to their results. As shown in Fig. 5-3, p.o is very large for La(Fe;.Si)i13, so that 3 is
expected to very small. Assuming that B3 is negligibly small, they fit eq. (5.1) to their data and obtained o and b.
As a result, they concluded that the intrinsic contribution is about 50 % of the total AHE. To validate their
estimation, we applied Tian—Ye-Jin scaling model to our data. Figure 5-14 illustrates the pyx, — px plot of
La(Feo3sSio.12)13 at 0.5 GPa. The red circles represent the experimental data shown in Figs. 5-2 and 5-3. The
black symbols are the calculated results by least square fitting eq. (5-1) to the data between 40 K and 90 K. The
coefficients determined are oo = 15.6 X 107 and b = 0.195 X 107 uQ~'em™'. These values give the intrinsic term
bp.? is about 60% of the total AHE in this temperature range. However, this discussion is insufficient to
conclude that the intrinsic contribution is dominant in the AHE of La(Fe,..Si\):3, because the temperature range
for goof fit is limited between 40 K and 90 K. Moreover, a different scaling for AHE has been proposed after
Tian—Ye—Jin scaling model [91, 92].
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Fig. 5-14 The p., — px plots of La(Feos3Sio.12)13 at 0.5 GPa. Red symbols represent the experimental data in Figs. 5-2 and
5-3. Black symbols are calculated results by least square fitting eq. (5-1) to the data between 40 K and 90 K.
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Karpenkov et al. also calculated the anomalous Hall conductivity (AHC) based on the electronic structure of
LaFe115Siis [88]. The first-principle energy band calculations were carried out using VASP code. They
estimated the intrinsic AHC following the Kubo-Stfeda formula. Furthermore, the side jump contribution was
also evaluated. To discuss the effect of Co substitution on the AHC, they calculated the AHC by shifting the
Fermi energy in the rigid band approximation.(Fig.5-15) It is found that the intrinsic AHC o,," is about 200
S/cm for LaFey; sSi; s (at energy shift = 0). The correspondence intrinsic anomalous Hall resistivity py,™ = 2.9
uQ cm (note that 6, = py/px’). This value is more than 50 % of the total p., of La(Feo.ssSio.12)13. These results
seem convincing to conclude the intrinsic contribution is dominant in the AHE of La(Fe,.,Si.)i3. By shifting the

int

Fermi energy, G,,” is increased to 350 S/cm (py,™ = 4.3 pQ cm). The calculated results indicate the AHE is
sensitive to the fine structure near the Fermi level even in the ferromagnetic state. As shown in the previous
chapters, [EM is accompanied by drastic changes in the electronic structure. Figure 5-16 illustrates the DOS
curves of LaFe1;5Si; s in the ferromagnetic state as well as in the paramagnetic state reported by Gruner et al.
[93]. Significant differences between two DOS curves are visible, which suggest that considerable changes in
the electronic structure take place at 7c. From these results, we conclude that Ra of La(Fe;..Siy)i3 is strongly

dependent on the magnetic state.
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Fig. 5-15 Calculated anomalous Hall conductivity of LaFe;;sSi; 5 as shifting Fermi energy [88].
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Next, we briefly discuss Rx of La(Fei..Siy)13. La(FeossSio12)13 has positive Ry at low temperatures, while RN
is decreased around 100 K and it changes a sign to negative above 110 K. La(Feo.90Si0.10)13 also shows the sign
change from positive to negative around 7¢, though the absolute value is small compared with La(Feo.33Si0.12)13.
These results indicate that the hole contribution to the NHE is dominant at low temperatures, while the electron

contributions become larger at around Tc. According to two carrier model, the normal Hall coefficient is given

by eq. (1.15), Ry =(n,ui - neug)/{e(nhuh + N, )2} The sign of Ry depends on the product of the carrier

density n (ne) and square of the carrier mobility w,? (). Since the carrier density is independent of temperature,
the temperature dependence of Ry is attributable to the carrier mobility. Our results suggest that the electron
mobility pe decreases more slowly that the hole mobility w, does with increasing temperature. For further

discussion, the calculations of RN of La(Fe;..Siy)13 based on the electronic structure is desired.
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Finally, we comment on the positive MR of La(FeossSio.12)13. Previously, we observed similar positive MR
jump associated with IEM in Co(Si..Sey).. We pointed out that the increase in p in the ferromagnetic state
originates in a distinct reduction of DOS at the Fermi level N(er) [63]. As shown in Table 3-2, N(er) of
ferromagnetic CoS; is less than half of that of nonmagnetic CoS». This is because ferromagnetic CoS is half-
metallic, in which only the up-spin bands form the Fermi surfaces. Therefore, IEM of Co(Si.Se.) is
accompanied by sudden decrease in the number of charge carriers. In other words, Fermi surfaces shrinks at the
FOMT from the paramagnetic state to the ferromagnetic state, which gives a positive jump in the MR curve.
This scenario is also applicable to La(Fei..Six)13. As shown in Fig. 5-15, the Fe 3d bands are almost occupied in
the ferromagnetic state. Consequently, M(er) in the ferromagnetic state is nearly twice as large as that in the
paramagnetic state. Similar DOS curves of La(Fei..Siy)13 were reported by different groups [94, 95]. We believe
that the reduction in the number of charge carriers is responsible for the positive jump in the MR curve

associated with IEM.

In conclusion, La(Fe..Six)13 shows the large AHE. As discussed by Karpenkov et al., it is plausible that this
AHE originates in the intrinsic Hall effect. Therefore, it is difficult to assume that Ra of the ferromagnetic state
equals to that of the paramagnetic state in the present system. We analyzed the px, — B curves in the ferromagnetic
states and obtained R\ and Ra. It is found that R\ changes a sign from positive to negative near Tc. These
results indicate the hole contribution to the NHE is dominant at low temperatures, while the electron contribution
becomes significant at high temperatures. The La(Fe;.Siy)i13 compounds show positive magnetoresistance. This

is are attributable to a sudden reduction of N(er) caused by IEM.
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Chapter 6 Conclusions
We have studied Hall effect of itinerant electron systems, Co(SiSex)2, Lu(Coi.+Aly)2, ErCos and La(Fe;..Siy)1s.

Following conclusions are obtained from chapters 3-5.

1. The field dependence of the Hall resistivity has been measured for Co(SiSe,), with 0.08 < x < 0.14.
Assuming that Ra is independent of the magnetic state, we estimated the normal Hall coefficient in the
ferromagnetic state Ry’ and that in the paramagnetic state Rn” of Co(Si.Sex): It is found that Ry is
30-40 x 10" m3/C and Rn” is 10-20 x 10" m*/C. These normal Hall coefficients show weak temperature
dependence below 70 K. We have performed FLAPW energy band calculations with LDA for nonmagnetic
CoS,, ferromagnetic CoS,, and nonmagnetic CoSe,. The normal Hall coefficient Ry was evaluated for each
magnetic state. It is found that the calculated Ry of ferromagnetic CoS; is comparable to the experimental
Rx/ of Co(Si..Sey)> with 0.08 < x < 0.13. The calculated Rx of nonmagnetic CoS; is negative and small,
which is inconsistent with the experimental Rn?” of Co(Si..Sex), with 0.11 < x < 0.14. The origins of this
discrepancy were discussed from both experimental and theoretical aspects. In the experiments, we pointed
out the possibility that Rx? is overestimated. The concentration fluctuations may give rise to enhancement
of the magnetic susceptibility in the paramagnetic state, which leads to excessive estimation of Rx?”. The
calculated results have shown that Ry of the nonmagnetic state changes the sign from negative to positive

by the induced magnetization. This may be an alternative explanation for the above discrepancy.

2. The Hall resistivity of Lu(Coo.91Alo.00)> was measured at ambient pressure and at 0.5 GPa. The compound
has a negative Rx. We analyzed the Hall data and estimated Rx’ and Rx?” based on the same assumption as
Co(S1.Sey)2: Ra in the ferromagnetic state is the same as that in the paramagnetic state. The estimated R/
is in the range of 10-50 x 107"'m?/C below 70 K. On the other hand, Rx” is negative with large values of
—100- =170 x 10" m%/C. We compared the experimental results with the theoretical Ry obtained from
FLAPW energy band calculations for ferromagnetic and nonmagnetic LuCo,. The calculated Ry of
ferromagnetic LuCo, is 30.7 x 10""'m*C. This value is comparable to the experimental Rx/ of
Lu(Co0.91Alg09)2. On the other hand, the calculations give Ry= 32.9 x 10""'m*/C for nonmagnetic LuCo..
which is opposite in sign to the experimental Rn? of Lu(Coo.91Alo.09)2. The origin of this inconsistency was
discussed in terms of a rigid-band approximation. We found that the hole bands are fully occupied by a
slight shift of the Fermi energy, which makes Rx negative. These results indicate that Ry is sensitive to the
position of er in nonmagnetic LuCo». The shift of the Fermi level by the substitution of Al for Co can be an

origin of the negative Rn? of Lu(Coo.91Alo.09)2.

3. We measured the p., — B curves of RCo» (R = Lu and Er) at various temperatures. The p., of LuCo» increases
in proportion to a magnetic field. Its slope Rovs rapidly decreases with increasing temperature from 4.2 K to
70 K. Our analyses suggest that the strong temperature dependence of Robs originates in Rn’. We roughly
estimated Ry’ of LuCo; in the range of 30-100 x 10™''m*/C depending on temperature. The calculated Ry

has the same sign as the experimental values of paramagnetic LuCo» and it is within the observed range.
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4. In the ferrimagnetic state of ErCo,, the p,, /B vs. M/B plots show straight lines. From these plots, we can
separate R\ and Ra, successfully. The estimated Ry is 15-40 x 10"'m?/C. This R\ is in agreement with the
calculated Ry for ferromagnetic LuCo,. Above T¢, the p,, of ErCo»initially decreases with increasing field
and shows a minimum, followed by abrupt increase at around Bc. We found that a linear relation between
pxy /B and M/B is realized in the paramagnetic state just above 7¢ in a certain field range. From the analyses,
we obtain Ry~ 200 x 10" m3/C and negative Ra just above Tc. These results imply that the AHE of ErCo,
changes the sign from positive to negative, when a ferrimagnetic state is replaced by a paramagnetic state.
The sign change in the AHE is possibly explained by the impurity scattering, as shown for some rare-earth

elements.

5. Temperature and field dependence of p., of La(Fei..Si\)13 with x = 0.10 and 0.12 were examined at high
pressures. These compounds have large and positive AHE. Karpenkov ef al. discussed the AHE of
LaFe11.5Sii5s using Tian—Ye—Jin scaling model. We applied this model to our data of La(Feo.ssSio.12)13 at 0.5
GPa. Karpenkov et al. also calculated the anomalous Hall conductivity (AHC) based on the electronic
structure of LaFe;5Siis. Their results indicate that the intrinsic contribution is dominant in the AHE of
La(Fe1.«Siy)i3. It is reasonable to consider that R4 is strongly dependent on the magnetic state. Therefore,
the assumption that Ra is independent of the magnetic state is not valid for La(Fe;..Si)i3. From the p., /B
vs. M/B plots, we determined R\’ and R, as a function of temperature. It is found that Ry changes a sign
from positive to negative near 7c. These results suggest that the electron mobility p. decreases more slowly
that the hole mobility p, does with increasing temperature in La(Fe,..Si)13. We also pointed out that positive
jumps in the magnetoresistance curves in La(Fe;..Six)i3 are attributable to a sudden reduction of N(er) caused
by IEM.

We can draw the following conclusions from the present study. Our analyses made it possible to determine
both Ry/and Ry in itinerant electron metamagnets, taking advantage of a unique characteristic of IEM. In the
analyses, Ra is assumed to be independent of the magnetic state. We believe that the assumption is valid for, at
least, Co(Si-xSey)> and Lu(Coo.01Alo.09)2, because these compounds are solid solutions, in which the guest
elements (Se and Al) are randomly distributed. These guest elements act as impurities in the lattice, so that the
impurity scattering plays an important role in the AHE. In general, it is difficult to determine Rn? of magnetic
materials, because both the NHE and AHE show linear field dependence. For some rare-earth metals and those
compounds, Rn? and R were estimated from the temperature dependences of py, and the magnetic susceptibility,
by assuming that Rx” and Ra are independent of temperature [42, 96]. This assumption is, however, invalid for
3d transition metals, because the anomalous Hall effect strongly depends on temperature [42]. We emphasize
that our research is the first report to estimate the normal Hall coefficient in the paramagnetic state of magnetic
materials based on 3d transition metals, as far as we know. The present results revealed distinct difference
between Ry’ and Rn?. Such difference in the electronic states between the ferromagnetic and paramagnetic states
has not been reported experimentally. The comparisons between the experimental values and theoretical results

were also made. The theoretical results seem to be in a satisfactory agreement with the experimental values in
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the ferromagnetic state. On the other hand, discrepancies between them were found in the paramagnetic state.
We have shown that these discrepancies can be understood in the framework of a rigid band model. It has been
demonstrated that IEM provides a unique stage to discuss the electronic structure between ferromagnetic and
paramagnetic states. However, our results indicate that the electronic structures of IEM strongly depend on the
material. In other words, IEM has a wide variety of electronic structures. In this context, further experimental

and theoretical studies are strongly desired towards a unified picture of [EM.
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