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Abstract

In some Yb- and Eu-based compounds, the valence becomes unstable and exhibits interesting
physical properties such as valence fluctuation, dense Kondo effect, and non-Fermi liquid.
Further, in Yb and Eu, one valence state is magnetic, while the other state is non-magnetic.
Thus, the valence instability leads to magnetic instability. Especially in the Yb system, it has
been pointed out that the valence instability mediates the cooper in unconventional
superconductivity. In this study, we have focused on Yb and Eu compounds in which valence
instability significantly contributes to physical properties.

YbPd has a cubic CsCl type structure at room temperature and ambient pressure, and Yb
exhibits valence fluctuation. It undergoes phase transitionsat T: = 125 K, T, =105 K, T3 = 1.9
Kand T4 =0.5 K. At T1 = 125 K, the cubic structure is distorted into the tetragonal one. Below
T,, the Pd atom is displaced and forms two inequivalent Yb sites. One site is occupied by Yb®*,
and the other site by Yb?®*. A layered valence order is realized. Yb®* has a magnetic moment
and exhibits magnetic order below Tz = 1.9 K. However, magnetic order is suppressed with
applying pressure, which is opposite to a usual Yb compound. This behavior is associated with
the suppression of the valence order by pressure. Therefore, this study focuses on elucidating
the magnetic structure of YbPd and how the compound behaves after the magnetic structure is
suppressed by pressure.

Due to a domain structure introduced in the structural phase transition single crystal and
difficulty in obtaining strain-free powder samples, the magnetic structure of YbPd was not
determined. Recently, we have succeeded in synthesizing strain-free powder samples of YbPd.
We have measured the powder neutron diffraction and determined the magnetic structure. It is
clarified that the magnetic structure is a long-range incommensurate sinusoidal one
characterized by an amplitude of the Yb®* magnetic moment of 0.3 pg aligned in the a direction
and propagation vector of k = (0.080, 0, 0.32). The small magnetic moment of Yb** suggests
the Kondo effect and that Yb?®* has no magnetic moment. The magnetic structure agrees with
the previously determined valence-ordered structure.

In addition, the structural and electrical behavior has been examined under high pressures at
low temperatures. The structural phase transition at T1 is suppressed continuously up to Ty =
20K at 4.4GPa and disappears at 5 GPa. Above 5 GPa, a cubic valence fluctuation state is
stabilized down to the lowest temperatures. The electrical resistivity shows the T-linear in wide
pressure regions between 8 to 12 GPa. Similar behavior of electrical resistivity has been

observed in B-YbAIB4 and YbRh,Si2, where valence fluctuations cause superconductivity and



quantum critical phenomena. We have found that the phenomenon, which might be related to
quantum criticality, is also observed in YbPd after the valence order disappears.

In the Eu system, we have focused on the EuzPtsAlis, which is a new Eu-based valence
transition compound. EuzPtsAlis shows a valence transition at Ty = 45K, but its crystal structure
is quite different from that of the other Eu-based valence transition compounds (tetragonal
ThCr2Siz type).

We have examined the physical properties of EuzPts(AlixGax)1s by using various measuring
techniques. With increasing Ga concentration X, the volume expands, and valence transition
temperature decreases. We found that valence transition is suppressed, and antiferromagnetic
order with the divalent state is stabilized at around x = 0.1. We observed the field-induced
valence transition in the magnetization curve for x = 0, 0.05 in a pulsed high magnetic field. It
is known that the valence transition field is proportional to the valence transition temperature.
For EuzPtsAlss, the proportional coefficient o is estimated to be 0.63 T/K, which is similar to
that of most valence transition compounds with the tetragonal ThCr.Si> type structure. These
results reveal that valence transition in Eu2PteAlis exhibits a lot of similarities to that of the
other Eu-based valence transition compounds.

In this thesis, we introduce general information and concern about 4f electron systems in
chapter 1. The experimental details are shown in chapter 2. In chapter 3, the experimental results
of YbPd are shown and discussed. In chapter 4, the experimental results of Eu2Pts(Al1-xGax)1s

are shown and discussed. Finally, the conclusion is described in chapter 5.
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1. Introduction

1.1 Magnetism of rare-earth elements

In the rare-earth metals, 4f electrons carry the magnetic moments. Because of closed 5s and
5d orbitals existing outside of 4f orbital, 4f moments tend to behave as localized moments. Thus,
the 4f electrons occupy the 4f level according to Hund's law and form total orbital momentum
L and total spin momentum S. Total angular moment J is formed by spin — orbital interaction
as J = L + S. On the other hand, 3d electrons carry magnetic moments in the iron group
transition metals. Because 3d electrons are located at the outer shell, they are itinerant and
interact directly with the nearest neighbor atoms. The features result in the freezing of angular
momentum. Thus, 4f and 3d electron systems are in contrast with each other.

Af electrons are usually localized in rare-earth ions. However, they are hybridized with
conduction bands and show instabilities in a few rare-earth-based compounds. There are two
kinds of interactions between 4f electrons and conduction electrons. One is the Kondo effect,
and the other is the Rudermann — Kittel — Kasuya — Yosida (RKKY) interaction. In the former
one, 4f moments are screened by spins of conduction electrons. The Kondo effect was first
discovered and revealed in metallic alloys containing dilute magnetic impurities. At low
temperatures, the randomly arranged magnetic impurities scatter conduction electrons, which
leads to an increase in electrical resistivity with decreasing temperature [1].

However, in rare-earth-based compounds, the Kondo effect occurs even in periodically
arranged 4f moment systems. This is because 4f electrons exist inside closed 5s- and 5d-shells
and cannot directly interact with those of adjacent atoms. The periodically arranged 4f moments
screened by the Kondo effect are no longer scatterers of conduction electrons. Thus, with
decreasing temperature, the electrical resistivity once increases due to the conventional Kondo
effect and subsequently decreases. [2]

The latter one (RKKY interaction) gives magnetic order and is an indirect interaction between
4f moments mediated by conduction electrons. The conduction electrons polarized by one 4f
moment interact with the other 4f moments of rare-earth atoms. [3 — 5] It is well-known that
these two interactions often compete with each other in the system. Doniach summarized the
competition between the Kondo effect and the RKKY interaction as a phase diagram (Doniach
diagram [6]), as shown in Fig. 1.1. The vertical axis stands for temperature, and the horizontal
axis the magnitude of hybridization between 4f electrons and conduction electrons. At the most
competitive point, called a quantum critical point (QCP), magnetic and/or valence fluctuation
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are enhanced, which leads to such exotic physical phenomena as unconventional
superconductivity in CeCu.Si» [7], valence fluctuation, and unconventional superconductivity
in B-YbAIB4 and non-Fermi liquid behavior in YbRh2Si> [8, 9]. The Doniach phase diagram
has been successful in explaining the behavior of Ce- and Yb-based compounds uniformly. For
example, the T — P phase diagram of the Ce system is well agreed with Doniach’s phase diagram,

as shown in Fig. 1.2 for Celns [10].

Temperature (K)

Fermi
Liquid
J D(z)

Figure 1.1 Doniach phase diagram. Jc is an exchange interaction between
conduction electron and 4f electron and D(er) is density of state of conduction
electrons at Fermi energy.
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Figure 1.2. Temperature — pressure phase diagram of Celns [10].

Solid black, open circle and cross indicate a Néel temperature Tn. Inverted triangle
means the crossover temperature to Fermi Liquid behavior. Open diamonds are a
critical temperature of superconductivity scaled by factor of 10.

1.2 Valence fluctuation, valence ordering, and valence transition

The lanthanoid atoms usually have such an electron configuration as [Xe]4f"5s?5p®(5d,6s)°.
Here, 5d or 6s electrons, which are called valence electrons, contribute to electrical conductivity
and chemical bonds in metallic compounds. The three-valence-electron state is called a trivalent
state. In some Eu-, Yb-, or Sm-based compounds, the lanthanoid atoms sometimes have a
[Xe]4f"*15525p%(5d,65)? configuration, which is called divalent state. When these two valence
states nearly degenerate at Fermi energy, the valence fluctuates with time and space between
these two states. This phenomenon is called valence fluctuation. In some valence fluctuating
compounds, the fluctuation stops with decreasing temperature, and two valence states are
arranged regularly, namely valence order. In the valence fluctuation, conduction electrons are
hopping among rare-earth atoms, which yields good electrical conductivity. In contrast, in the
valence order, the conduction electrons are localized at rare-earth atoms, which results in an
increase in electrical resistivity. The valence order is also observed in some 3d transition metal
oxide systems such as FesO4 and Ndo.sSrosMnOs [11, 12].

Eu-based intermediate valence compounds often show a large change in Eu valence with
temperature. In Eu-based compounds (n = 6), Eu ions usually have either a magnetic divalent
state (4f") with a larger volume or a non-magnetic trivalent state (4f®) with a smaller volume.

3



According to the third law of thermodynamics, the entropy should be zero at 0 K. When
magnetic exchange interaction is relatively weak, some divalent compounds show no magnetic
order but valence transition to the non-magnetic trivalent state at low temperatures so that
magnetic entropy is approached zero.

The valence transition is also seen when external pressure is applied to some divalent
compounds. The external pressure reduces a unit cell volume, which leads to a smaller trivalent
state. Figure 1.3 shows the temperature-pressure phase diagram in Eu-based compounds that
exhibit a pressure-induced valence transition. At ambient pressure, the magnetic order is
realized at low temperatures. The ordering temperature increases slightly with pressure, which
results from a slight increase in the RKKY interaction due to a slight decrease in distance
between Eu ions. As the pressure is further increased, the magnetic order suddenly disappears
at a critical pressure, which is accompanied by the valence transition. Above the critical
pressure, a non-magnetic ground state with an almost trivalent state is realized. As the
temperature is increased, the trivalent state is changed sharply to a divalent state, which
corresponds to valence transition. The valence transition, which is of first order just above the
critical pressure, is shifted to higher temperatures with increasing pressure. Above a critical end
point (CEP), the valence transition becomes continuous. The characteristics of the T — P phase
diagram are different from those of the Doniach phase diagram, which explains the behavior of
most Ce- or Yb-based compounds.

In Eu-based compounds, valence transition is also induced by a magnetic field, which is called
field-induced valence transition. Such valence transitions are mainly found in Eu-based

compounds with the tetragonal ThCr,Si> type structure and the hexagonal ZrBeSi type structure.
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Figure 1.3. T — P phase diagram of Eu-based compounds. Critical End Point (CEP) is the
point where valence transition becomes crossover from the first-order transition.

We introduce some examples which show valence order and/or valence transition associated
with 4f electron as follows.

YhbsAss is a valence fluctuating compound at high temperatures, which crystallizes in the cubic
anti-ThsP4 structure (Fig.1.4). It undergoes valence order transition at around T = 300 K
accompanied by a structural phase transition. In the valence order state, the Yb®* ions are
arranged along one direction of <1 1 1>, and the other Yb ions are in a divalent state. As a result,
the cubic structure is distorted into the trigonal structure. Figure 1.5 shows the temperature
dependence of the electrical resistivity of YbsAss. The electrical resistivity shows a sudden

increase with decreasing temperature when the valence order takes place. [13]
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Figure 1.4. Crystal structure of YbsAss3 (anti-ThsP4 type structure) [13]. In a valence

ordered state, Yb®* ions are located at Yb | site and Yb?* ions at Yb |1
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Figure 1.5. Temperature dependence of electrical resistivity of YbsAsz. [13]
EuTX (T = Ni, Pd, Pt, X=P, As) systems also exhibit valence order. EUTX systems crystallize

in the layered hexagonal ZrBeSi type structures, as shown in Fig. 1.6. The systems show the

layered valence order with the Eu mean valence of 2 + n/6 (n = 1, 2, 3, 4) [14] and valence
transition accompanied by a change of the valence order structure as functions of temperature

and pressure. For example, EuPtP shows two valence transitions at T = 240 (n = 1 — 2) and
200 K (n = 2 — 3) with decreasing temperature. In the temperature range between 240 and 200

K, the Eu?* and Eu®* layers are stacked along the c-direction as -(2+)-(2+)-(3+)-(2+)-(2+)-(3+)-
(2+: Eu?* layer, 3+: Eu®* layer). Below 200K, the stacking structure is changed to -(2+)-(3+)-
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(2+)-(3+)-. [15] The magnetic Eu®* layers exhibit antiferromagnetic order at 7 K. The anomalies

due to the transitions are observed in the electrical resistivity, as shown in Fig. 1.7. [16]

..

Figure 1.6. Crystal structure of EuTX. The purple circle denotes Eu, the orange
one is T atom, and the light green one is X atom.
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Figure 1.7. Temperature dependence of electrical resistivity of EuPtP. [14]

EuT2Siz2 (T = Cu, Pd, Ir) compounds, which crystalize in the tetragonal ThCr2Si2-type structure,
exhibit temperature-dependent Eu valence. [17, 18] For example, in EuPd.Si», the Eu mean
valence drastically but continuously increases from 2.3 to 2.8 at around 170 K with decreasing
temperature, as shown in Fig. 1.8 [19]. At around 170 K, the Eu valence fluctuates between

Eu?* and Eu®* on the time scale of 101! ~ 10713 sec. Substitution of Au for Pd lowers the valence
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transition temperature and switches the continuous valence change to a first-order valence
transition [20]. When a magnetic field is applied to the trivalent state at the lowest temperature,
the Eu valence is varied to the divalent state, accompanied by a jump of the magnetization as

shown in Fig. 1.9. [21]. The Zeeman energy lowers the divalent level to the Fermi level.

-9.0 | :
L.
— o000 02 0C oosncnummooooamo oc;o : o
i -’ 2.4
.
L 70 AA?A
2 o 425
E t i .
Leor :’ EuPdaSi, 1286,
L-b . A @ o
o a® g « ISOMER SHIFT 2
2 .« (MAJORITY LINE) —er W
¢ * o ISOMER SHIFT 3
Lu - —
5 * ) ¢ (MINORITY LINE) 1se >
. .
9 B ...".. * ALHI VALENCE —
-1.0 1 | s
100 o0 2

T (K)

Figure 1.8. Temperature variation of Eu mean valence in EuPd,Si2 [19].
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Figure 1.9. High-field magnetization of EuPd,Si, and Eu(Pdo.gsPto.05)Si2 [21].

1.3 YbPd

1.3.1 YbPd
YbPd, which crystallizes in the cubic CsCl-type structure (Fig. 1.10(a)), is a valence

fluctuating compound at room temperature. It undergoes four phase transitions at T1 = 125 K,
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T>=105K, T3 =1.9K, and T4 = 0.5 K [22]. Figure 1.11 shows the temperature dependence of
the electrical resistivity p of YbPd. The anomalies associated with T1 ~ T4 are seen in contrast
to no anomalies of p in LuPd. Figure 1.12 shows the difference in specific heat between YbPd
and a non-magnetic reference sample LuPd as a function of temperature. Sharp peaks are
observed at T and T2, and A-shaped anomaly is seen at T3, which means transitions at T1 and
T, are of first order and that at Ts is of second order [22]. Figure 1.13 displays the temperature
dependence of ac magnetic susceptibility in the low-temperature regions. The susceptibility
shows a kink at T3 and an anomaly with a thermal hysteresis at T4 [22]. Figure 1.14 depicts
Maossbauer effect spectra measured by Bonville et al. Below Ts, we can see the superposition
of singlet and split subspectra in an intensity ratio of 48 : 52, which means that 48% of Yb ions
are non-magnetic and that 52% of Yb ions perform magnetic order below T3 [23].

According to recent X-ray diffraction studies, the cubic structure is distorted into a tetragonal
one at T1 [24, 25]. Below T,, Pd atoms at a body-centered position are displaced toward
alternately positive and negative c-directions [24, 25]. As a result, a two-fold structure along
the c-axis is a new unit cell, in which two inequivalent Yb sites are yielded, as shown in Fig.
1.10(b). A resonant X-ray diffraction study by Takahashi et al. shows that Yb®* ions occupy one
site and Yb2®* ions the other site, which results in valence order [25]. Furthermore, they also
have proposed incommensurate valence order with k = (0.07 0.07 1/2) between Ty and T [25].

(a) ®

Figure 1.10. Crystal structure of YbPd (a) at room temperature, (b) below T, = 105 K
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Figure 1.14. 19Yb Mossbauer spectra of YbPd at T =4.2, 1.4, and 0.05 K [23].

1.3.2 Physical Properties under pressure

It is well-known that pressure is a powerful tool to control the hybridization between 4f
electrons and conduction electrons. In Yb-based compounds, applying pressure corresponds to
a decrease in JefD(er) in Doniach's phase diagram. This means that a magnetic trivalent state
with a smaller volume becomes stable under pressure. For example, YbInCus performs a first-
order valence transition from Yb®* to Yb?°* with decreasing temperature at ambient pressure.

The Yb%%* state, where Yb valence fluctuates between Yb®* and Yb?* states, exhibits no
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magnetic order even at the lowest temperature. The application of pressure suppresses the
valence transition and stabilizes the magnetic Yb3* state down to the lowest temperatures. The
stabilized Yb®* state exhibits ferromagnetic order above 2.5 GPa [26, 27]. In some Yb-based
heavy-fermion or intermediate-valence compounds, similar pressure-induced magnetic order
has been found.

In YbPd, however, with applying pressure, magnetic ordering temperature T3 decreases and
disappears at around 2 GPa [28, 29]. Figure 1.15 shows the temperature dependence of the
electrical resistivity under various pressures. The valence ordering temperature T is also shifted
to low temperatures and suppressed at around P = 2 GPa. These results imply that the magnetic
order is strongly related to the valence order. The structural phase transition temperature Ty is
also gradually shifted to 80 K at 2 GPa. However, the anomaly of the electrical resistivity at T1
is smeared and cannot be found at around 2 GPa [28, 29]. Therefore, the detailed behavior of
T1 above 2 GPa is not understood.

Figure 1.16 depicts the temperature — pressure phase diagram reported by A. Miyake et al.
[28]. After the collapse of the valence order, the valence fluctuation is realized in all temperature
ranges. We expected that magnetic order might emerge at a higher pressure region similarly to
the heavy-fermion or intermediate-valence Yb-based compounds because Yb valence should
approach a magnetic trivalent state with applying pressure. Previously, Sugishima et al.
reported temperature dependence of electrical resistivity under high pressure of 2 ~ 8 GPa
between T = 2 ~ 300 K. As shown in Fig. 1.17, Kondo-like behavior was observed but no

anomalies associated with magnetic order was found. [30].
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The resistivity curves are shifted by 5 for clarity [30].

1.3.3 Neutron diffraction studies

We have thought that the magnetic structure of YbPd should give insight into the valence order
structure because only trivalent Yb ions have a magnetic moment while intermediate-valence
ions have no magnetic moment. Previously, we carried out neutron diffraction measurements
using single-crystal samples of YbPd and found magnetic Bragg peaks below Ts. Figure 1.18
displays the rocking curve at d = 20.2 A at T = 0.75 and 3 K, which was measured at the T1-2
spectrometer (AKANE) installed at the thermal guide in the JRR-3 reactor of the Japan Atomic
Energy Agency at Tokai, Japan. A clear peak is observed at T = 0.75 K but suppressed at T = 3
K, which means that this is due to the magnetic order at Tz [30].

The magnetic peaks can also be found by a o — 26 scan with Tohoku University Polarization
Analysis Neutron Spectrometer (TOPAN) installed at the JRR-3, as shown in Fig. 1.19. The
intensities and k-vectors of the magnetic peaks observed like this are summarized in Fig 1.20.
M. Sugishima, who belonged to our laboratory as a doctor course student, attempted to
determine a magnetic structure of YbPd by analyzing these data but was not successful. It has
been clarified that the intensity data are influenced by a domain structure which formed by the
cubic — tetragonal structural phase transition at T1. We decide to measure neutron diffraction

using powder samples to avoid influence by the domain structure.

14



Figure 1.18. Rocking curve at d = 20.2 A versus crystal angle @ at T=0.75 Kand T =
3.3 K [31].
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1.4 EupPts X5 (X = Al, Ga)

1.4.1 Eu,PtsAlss and EuzPtsGass

Recently, it has been reported that Eu2PtsAl1s exhibits a first-order valence transition at T = 45
K [32]. Figure 1.21 demonstrates the crystal structure of this compound. The structure is a
superlattice of the hexagonal ScosFe>Sisg type structure (space group: P6z/mmc) and the
orthorhombic YhPteAlss type structure (Cmcm). We can regard the structure as an averaged
hexagonal structure with a = 4.2947 A and ¢ = 16.667 A [32].

Figure 1.22 depicts the temperature dependence of the magnetic susceptibility of EuzPtsAlss.
The magnetic susceptibility increases at around 45 K on the heating process, which is associated
with valence change from non-magnetic trivalent state to magnetic divalent state [32]. As
shown in Fig. 1.23, electrical resistivity also shows a drastic increase at the same temperature
ranges. Figure 1.24 displays the 'Eu Mdssbauer spectra of EuzPtsAlis measured at various
temperatures. Observation of only one spectrum with an isomer shiftof v=0mm/sat T =6 K
corresponds to a trivalent Eu ion. With increasing temperature, the trivalent spectrum declines
and simultaneously the divalent one (v = —14 mm/s) grows at around 45 K. This is direct
evidence of the valence transition. The co-existence of the trivalent and divalent spectra means

that this transition is of first order [32].
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Figure 1.21. Crystal structure of EuzPteX15 (X =Al, Ga). Eu atoms are represented
by blue circle, Al/Ga atoms by light blue and white, and Pt atoms by black [32].
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Figure 1.22. Temperature dependence of magnetic susceptibility and inverse

susceptibility of Eu2PteAlss [32].
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Figure 1.23. Temperature dependence of electrical resistivity of EuPtsAlss [32].

Figure 1.24. 1 Eu Mossbauer spectra of EuzPtsAlis at T = 6, 35, 40, 45, and 78 K.
Blue and Green lines denote subspectra corresponding to the trivalent and divalent
state, respectively [32].

EuzPteGass crystallizes in the same structure as that of Eu2PteAlys with lattice constants of a =
4.2989 and ¢ = 16.767 A. The Eu valence in Eu,PtsGais keeps the divalent state down to the
lowest temperature, which is confirmed by **Eu Mdssbauer spectroscopy, as shown in Fig 1.25.
[32]. The splitting spectrum observed at 6 K indicates that the compound exhibits magnetic
order. Figure 1.26 shows the temperature dependence of the magnetic susceptibility and inverse
susceptibility of EuoPtsGais. The T-linear inverse susceptibility above 50 K indicates a Curie-

Weiss law with an effective moment of 8.07us/Eu and a Weiss temperature of -30.7 K. The
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effective moment is close to the theoretical value of Eu?*, 7.94ps/Eu, which implies a divalent
state. The cusp of the magnetic susceptibility at around 13 K corresponds to antiferromagnetic
order [32].
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Figure 1.25. *>'Eu M6sshauer spectra of Eu2PtsGais at T = 6, 78, and 300 K. Green lines
denote the signal of divalent state [32].
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Figure 1.26. Magnetic susceptibility and inverse magnetic susceptibility of Eu,PteGais
versus temperature [32].
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1.5 Purpose of this thesis

As mentioned in section 1.3.3, the magnetic structure gives insight into the valence order in
YbPd. However, there are two problems in determining the magnetic structure; one is the
domain structure, and the other is difficulty in obtaining a strain-free powder sample. The
strains introduced during pulverizing a bulk sample suppress the phase transitions at T1 and T»
and broaden the Bragg peak of X-ray diffraction. Recently, we have succeeded in synthesizing
strain-free powder samples of YbPd. Therefore, we try to determine the magnetic structure of
YbPd by powder neutron diffraction using newly synthesized powder samples and discuss the

valence order of YbPd from the viewpoint of the magnetic structure.

Second, it is expected that magnetic order emerges after the valence order is suppressed in
YbPd. According to the previous report, however, no magnetic order is found up to 8 GPa down
to 2.5 K. We measure electrical resistivity in the higher pressure region up to 12.5 GPa and in
the lower temperature region down to 550 mK. Moreover, the pressure dependence of T1 above
2 GPa has been unclarified. We carry out powder X-ray diffraction under pressure to determine
the phase boundary of T1. The behavior of YbPd in the higher-pressure regions is discussed on

the basis of the electrical resistivity and X-ray diffraction measurements.

Third, Euz2PtsAlss is a new Eu-based compound that performs valence transition. The crystal
structure of the compound is quite different from the tetragonal ThCr,Si>-type and hexagonal
ZrBeSi-type structures, where Eu-based valence transitions have been discovered. Despite the
difference in structure, the properties of valence transition seem to be similar to each other.
Examination of the properties of the valence transition in EuzPtsAlis should give us fruitful
information on the universality of valence transition in Eu-based compounds. Moreover, an
isostructural Eu2PteGais is an antiferromagnet with a stable divalent state. Substitution of Ga
for Al in EuzPtsAlss should shift the valence state toward a magnetic divalent state. WWe examine
EuoPts(Al1xGax)1s by measurements of electrical resistivity, magnetic susceptibility, high-field

magnetization, and X-ray absorption spectroscopy at Eu Ls-edge.
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2. Experimental Details

2.1 Sample preparation

A single crystal sample of YbPd was prepared by Yb self-flux method. We weighed Yb and
Pd at a molar ratio of 65:35. The mixture of Yb lumps and Pd powders was sealed into a
stainless tube under Ar atmosphere. The stainless tube was subsequently sealed in an evacuated
quartz tube. The sample was heated to 1100 °C, kept for 24 hours, and cooled down to 800 °C
at a rate of -3 K/h. When bulk samples are pulverized, the dislocations are easily introduced to
the lattice because YbPd samples are ductile owing to the simple crystal structure.

Post-annealing, which is often used to recover the crystallinity, resulted in products of YbsPda
due to the high vapor pressure of Yb. This result gave us a clue to synthesize the strain-free
powder sample of YbPd. YbPd powder can be obtained by annealing YbsPd>. YbsPd: is a
neighbor compound at a Yb-rich side in the Pd-Yb binary phase diagram and also a by-product
of single-crystal synthesis. YbsPd> has a complex crystal structure and is easily pulverized.

The YbsPd; and Pd powders were weighed in a molar ratio of 1 : 1 ~ 1 : 2. The mixture of the
YbsPd, and Pd powders, which was wrapped in a Ta foil and sealed in an evacuated quartz tube,
was kept at 650 °C for 90 hours. Figure 2.1 depicts the powder X-ray diffraction pattern of the
new powder sample together with that of the pulverized bulk sample. The sharp Bragg peaks
of the new powder sample mean that this powder sample is free from dislocations and strains.

However, it contains a small amount of Yb2O3 and YbH> as an impurity.

E\ ' * Yb203
= A :YbH,
5 211
E B S SIS
>
= new powder sample
§ old powder sample
=
L 7 USROS e ‘L_ =
20 40 60 80 100 120

2 0 (degree)

Figure 2.1. Powder X-ray diffraction profiles of the new powder sample (black) and
old powder sample [33] (red) of YbPd.
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Polycrystalline samples of EuoPts(Al1xGax)1s (x = 0, 0.05, 0.1, 0.2, 0.3, and 1) were prepared
by arc-melting constituent elements under Ar atmosphere of 0.08 MPa. The starting materials
were weighed in a stoichiometric ratio. Eu ingots were pre-melted to remove absorbed gas.

Then, we melted the mixture of Pt, Al, Ga, and Eu.

2.2 Powder neutron Diffraction measurements

Powder neutron diffraction measurements were carried out at iIMATERIA installed at BL-20
of the Material and Life Science Experimental facilities (MLF) at the Japan Proton Accelerator
Research Complex (J-PARC) in Tokai by a time-of-flight (TOF) method. The powder samples
were put into a vanadium cylinder with 6mm diameter together with He gas. The measurements

were performed at 0.59 K (< T3) and 3 K (> T3) using a He closed-cycle refrigerator.

2.3 X-ray diffraction measurements under high pressure

We carried out powder X-ray diffraction measurement under high pressure at BL10XU of
SPring-8. The powder samples were put into membrane diamond anvil cell with tiny ruby chips.
We adopted helium gas as a pressure medium. The samples were cooled down to 10 K by a
closed-cycle helium refrigerator. Pressure applied to the samples was calibrated by a ruby
fluorescence method. The wavelength of the X-ray was set to 0.414813 A by a double crystal
monochromator of Si (111) and Si (220). We used an imaging plate area detector for collecting
the diffraction data.

2.4 Electrical resistivity measurements under high pressure

We measured the electrical resistivity of YbPd under high pressure using a conventional ac 4
probe method with a cubic anvil cell at the Institute for Solid State Physics, the University of
Tokyo. The single-crystalline sample was put into the cell with a mixture of Fluorinert (FC70 :
FC77 = 1:1) as a pressure transmitting medium. We applied pressure by a hydraulic pump at
room temperature and the pressure was held by a clamping nut. The cell was cooled down to

approximately 500 mK using a 3He cryostat.
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2.5 Magnetic Susceptibility

We used the SQUID magnetometer (MPMS, Quantum Design co. Ltd.) to examine the
temperature dependence of the magnetic susceptibility of EuzPte(Ali-xGax)1s. Small pieces of
EuPte(Al1xGayx)1s are attached to the drinking straw. Temperature dependence of magnetic
susceptibility was measured between T =5 — 300 K in a heating process in a magnetic field of
01T

2.6 High-field magnetization process

We measured high-field magnetization measurements in a pulsed magnetic field up to 50 T
with a pulse duration of about 40 ms by an induction method with well-balanced pick-up coils
at the Center for Advanced High Magnetic Field Science in Osaka University. We measured the
high-field magnetization at T = 4.2 K for all samples. For Eu:PtsAlis, we examined the
magnetization curves at various temperatures. The magnitude of magnetization data was

calibrated using low-field data taken by the SQUID magnetometer.

2.7 X-ray Absorption Spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) at the Eu Ls-edge was measured by a transmission
method at BL11 of SAGA Light Source. To adjust transmittance, the powdered samples of
EuzPts(Ali-xGax)1s were mixed with boron nitride (BN) powders and were pressed into a pellet.
The pellets were set on a sample stage made of Cu. The samples of x = 0, 0.05, and 0.1 were
cooled down to 6 K with a “He closed-cycle refrigerator. The measurements were conducted
between 6 and 300 K on heating. For x = 0.2, 0.3 and 1, the measurements were done only at

room temperature.
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3. Results and Discussion on YbPd

3.1 Powder neutron diffraction

3.1.1 Powder neutron diffraction

Figure 3.1 shows the difference in the neutron diffraction pattern between T = 0.59 (< T3) and
3 K (> Ts), which extracts magnetic contributions from the diffraction pattern. The magnetic
Bragg peaks are found at d = 19.3, 9.95, 6.03, 5.24, and 4.66 A. The peaks at d = 6.03 and 4.66
A can be explained by the antiferromagnetic order of the impurity of Yb203 (Tn = 2.3 K), whose
magnetic structure was determined by R. M. Moon et al. [34] YbH2 exhibits no magnetic order
with non-magnetic Yb?* ions. Thus, the other magnetic peaks at 19.3, 9.95, and 5.24 A are
produced by the magnetic order of YbPd.

The most intense peak at d = 19.3 A corresponds to that at d = 20.2 A observed at 0.8 K in the
previous single-crystal neutron diffraction. The slight discrepancy of d might be due to a lower
resolution of the single-crystal measurement or to the temperature dependence of the magnetic
propagation vector. A TOF measurement has a d resolution that is proportional to d. Comparison
of the half widths at half maximum (HWHMs) of a nuclear peak of YbPd at d = 6.92 A, of the
magnetic peak of Yb,Os at 6.03 A, and of the magnetic peak of YbPd at 5.24 A, which are
observed at similar d values, reveals a linear relation between the HWHMSs and d. This means
that the width of the magnetic peaks of YbPd is not broadened intrinsically, which suggests the

long-range magnetic order of YbPd.
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Figure 3.1. The difference in neutron diffraction patterns between T = 0.59 and 3 K.
Vertical lines indicate the peak positions expected from the magnetic propagation vectors k
= (k1 0 kz), (k1 ko/2 0), and (k2/2 0 2k1).
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3.1.2 Magnetic structure analysis

The previous single-crystal neutron diffraction clarified the magnetic propagation vector in
the two-dimensional reciprocal-lattice space, as shown in Figs. 1.17 and 1.18, where vertical
and horizontal axes are not decided. Because the domain structure is produced by the structural
phase transition from cubic to tetragonal symmetry at T1, the axes must be in the a* or c*
direction in terms of the tetragonal symmetry. Thus, three candidates of the reciprocal lattice
spaces with the axes of c*-a*, a*-a*, and a*-c* are possible, as shown in Fig. 3.2. Besides, the
double structure along the c-axis below T> makes the c* component of the propagation vector
double. As a result, the possible propagation vector corresponds to k = (k1 0 ko), (k1 k2/2 0), or
(ko/2 0 2k1) with ki = 0.080 and k2 = 0.32. To determine the magnetic propagation vector, we
calculate the magnetic peaks corresponding to the possible propagation vector, as shown in Fig.
3.1 as a vertical bar. The best reproduction of the observation is obtained for k = (k1 0 k2). In
the following analysis, k = (k1 0 k2) is adopted.

'3 3

1 (k1 0 ky) ) (k) ky/2 0) ) (/2 0 2k,)
® ® ®

> > >C

Ol Ol Ol

Figure 3.2. Three possible reciprocal-lattice spaces are shown on the basis of the tetragonal
symmetry. The cross marks depict the magnetic propagation vector.

The powder neutron diffraction measurements revealed the three magnetic Bragg peaks of
YbPd. Assuming a single-k structure with k = (ki 0 k2), the magnetic peaks of YbPd were
analyzed to determine a magnetic structure. Atomic parameters were determined by using the
neutron diffraction data (Fig. 3.3) for T = 3 K taken at the backscattering bank of BL-20 (26 =
155°, d = 0.4 - 5.26 A) [35, 36] by Rietveld refinement using the Z-code [37, 38] because the
backscattering bank is satisfactory for detailed structure refinements due to the highest
resolution data. The lattice constants were estimated to be a = 3.436751(2) A and ¢ =
6.924151(2) A, with the atomic positions of Yb1 (0, 0, 0), Yb2 (0, 0, 1/2), and Pd (1/2, 1/2, 2)

with z=10.23357(2). These values are employed for the following magnetic structure refinement.
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Figure 3.3. Rietveld refinement for the powder neutron diffraction profile for T =3 K at 26
= 155°. The solid black circle indicates the observation. The red line stands for Rietveld
calculation by Z-code. The light green line is the difference in intensity between
observation and calculation.

We can narrow out the models of magnetic structure with the representation analysis method.
According to the Landau theory concerning a second-order magnetic transition, the magnetic
structure can be given by the linear combination of the basis vectors that belong to the subgroup
of lattice symmetry, whose symmetric operations do not change the propagation vector k [39].
SARAN can find the basis vectors, namely the magnetic structure models that are in agreement
with the symmetry of the crystal structure [40]. The basis vectors proposed by SARA with the
propagation vector of k = (0.080 0 0.32) in the symmetry of P4/mmm are summarized in Table
I. According to the SARANh results, the magnetic structure does not contain any rotation of the
magnetic moments because all of the imaginary components (ima imp im¢) of the basis vectors
are zero. This result and the incommensurate long-periodical structure make a sinusoidal
magnetic structure the most feasible. The SARAh also concludes that the magnetic moments
are aligned within the ac-plain or along the a-axis.

Based on the SARANh results, the Rietveld refinements for the powder neutron diffraction
patterns are conducted by the Fullprof program. [41] The following four models with k = (0.080
0 0.32) are investigated; (a) only Yb®" ions have magnetic moments within the ac-plane, (b)
only Yb%* ions have moments along the a-axis, (c) both Yb** and Yb?*®* ions have magnetic
moments within the ac-plane, and (d) both Yb®*" and Yb?®* ions have magnetic moments along

the a-axis. The fitting parameters with error bars are shown in Table 1, where the error bars are
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estimated from standard deviations. The y? values, which indicate the quality of the refinement,
are exactly the same for all the models.

The models (a) and (b) give almost the same results. The amplitude of the magnetic moments
in the sinusoidal structure is estimated to be approximately 0.3 ug. In model (a), the angle of
the magnetic moments from the a-axis is 16x£16°, which is estimated from the a- and c-axis
components and errors. The large errors of the c-axis component and the angle mean that the
result is essentially identical to that of the model (b). From almost the same %2 value, it is
evaluated that model (b) with less fitting parameters is the most probable. The fitting result for
the model (b) is shown as a red curve in Fig. 3.4.

For model (c), a similar value of %2 was obtained, in which the Yb?®* jons have much smaller
magnetic moments than the Yb%* ions do. However, the error bars of the magnetic moment are
larger by one order than those obtained using models (a) and (b) (only the Yb®" ions have
magnetic moments). Such large error bars of the magnetic moments indicate the failure of the
model (c).

For model (d), the magnetic moments of Yb®*" and Yb?%* ions are estimated to be 0.25+0.03
us and 0.02+0.03 pg, respectively. It should be noticed that this model is essentially the same
as the model (b) since the magnetic moments of Yb?®* are negligible. Therefore, it is concluded
that the Yb?®* ions have no magnetic moments, which agrees with the valence ordering
structure determined from the previous single-crystal X-ray diffraction [24, 25] and the
previous Mdossbauer results [23].

Finally, as shown in Fig. 3.5, the determined magnetic structure of YbPd is sinusoidal with the
amplitude of ~0.3 pg and the propagation vector of k = (0.080 0 0.32). Only the Yb®* ions carry
a magnetic moment aligned parallel to the a-axis in terms of the tetragonal symmetry, while the

Yb?®* jons have no magnetic moment.

27



Table I. Basis vectors calculate from the space group P4/mmm with k = (0.080 0 0.32).
Ma, Mb, Mc are real parts, and ima, imp, im¢ are imaginary parts of each magnetic moments
component, respectively.

Irreducible ) .
) Basis Vectors ~ Atom Basis Vector Component
Representations

I wi 1 1 0 0 0 0 0
I 7 1 0 1 0 0 0 0
w3 1 0 0 1 0 0 0
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letter M represents the magnetic peak around the nuclear peak (h k I).

Table Il. Fitting parameters obtained by the refinement of FullProf for each model. The
magnetic ions are located at only the 1a (0 0 0) site for models (a) and (b) and at both 1a

and 1b (0 0 1/2) sites for models (c) and (d). Pd atoms are at the 2h (1/2 1/2 0.23357)

site.

Magnetic moments

Amplitude of

magnetic moment

a-axis component

c-axis component

XZ

(a) Within ac-plane
Only Yb®* ions
(b) along a-axis
Only Yb%* ions

(c) Within ac-plane

Both Yb%* & Yb26*
(d) along a-axis

Both Yb3* & Yb26*

0.27 £ 0.09 us

0.29 £0.02 us

0.3+ 1.0 us (Yb3*)

0.1+ 0.7 u (Yb25%)
0.25 +0.03 zs (Yb%*)
0.02 % 0.03 g (Yh26%)

0.26 £ 0.04 us

0.29 +0.02us

0.3+0.2 1 (Yh*)

0.0 +0.3 us (Yh?*)
0.25+0.03 ug (Yb*)
0.02 + 0.03 ug (Yb25%)

0.08 £ 0.08 us

0.0 % 1.0 us (Yb®*)
0.0 + 0.6 18 (Yb25%)

32.3

32.3

32.3

32.3
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Figure 3.5. (a) The most probable magnetic structure of YbPd. The amplitude of magnetic
moments is approximately 0.3 ug. The propagation vector k = (0.080 0 0.32). (b) the
periodicity in the a direction. (c) Periodicity in the ¢ direction.

The crystalline-electrical-field (CEF) I's quartet ground state was determined on the basis of
the cubic structure by the previous inelastic neutron scattering experiments [42]. The tetragonal
symmetry essentially produces a doublet CEF ground state. Thus, the inelastic neutron
scattering should be done again using the strain-free powder samples. Tokiwa et al. have
reported that a magnetic entropy at 5 K amounts to (1/2)R In 2, which is also consistent with
the doublet ground state. The magnetic entropy is depressed to about 50% of (1/2)R In 2 at T3
= 1.9 K, which is suggestive of instabilities of the magnetic ordering and/or the Kondo effect
[43].

The former is possibly ascribed to the two-dimensional valence order structure of this

compound. The valence order structure of YbPd, where the magnetic Yb®" layers are separated
30



by the nonmagnetic Yb?%* layers, results in a large distance (~ 6.9 A) between the magnetic
Yb** layers. This fact reminds us of the two-dimensionality of the magnetic Yb®* ions in YbPd.
Generally speaking, a two-dimensional XY or Heisenberg model with only nearest-neighbor
spin interactions gives rise to no magnetic order, whereas a two-dimensional Ising one produces
magnetic order [44, 45]. If the XY or Heisenberg model can be applied to this compound, the
magnetic ordering could be destabilized. To confirm this situation, it is required to examine the
anisotropic properties of magnetic susceptibility of YbPd. However, it is difficult to investigate
them because the domain structure is formed in the valence order state of YbPd. Instead,
inelastic neutron scattering is more realizable to obtain information on the doublet ground state
and the anisotropic magnetic properties.

The sinusoidal magnetic structures, in which the magnitudes of magnetic moments are
modulated in space by thermal fluctuations, can never be a ground state. There should exist
another magnetic phase transition to a commensurate magnetic structure at a lower temperature
than Ta. Thus, the phase transition at T4 is inferred to be due to the magnetic phase transition.
The previous °Yb Mdssbauer spectroscopy revealed a distribution of hyperfine fields between
Tz and T4 compared with hyperfine fields below T4[], which is also consistent with the inference.
The magnetic structure below T4 should be examined by additional neutron diffraction studies
at lower temperatures. Actually, the possible variation of the magnetic propagation vector was
observed in the range T4 < T < Ts, which may be a precursor to the phase transition to a
commensurate magnetic structure.

The latter Kondo regime was also proposed by Tokiwa et al. They reported an enhanced
electronic specific-heat coefficient y of 0.22 J/K? mol (= 0.44 J/K? Yb**-mol) [43]. Inthe p— T
curves, a flat region between 4 and 8 K at ambient pressure [22] is transformed into a —logT
dependent region at a pressure above 1 GPa [28, 29]. These results suggest the Kondo effect is
significant. Very recently, M. Shiga et al. report point-contact spectra of YbPd, which is
indicative of the Kondo effect with Tk ~ 30K [46]. Besides, the amplitude of the magnetic
moment is much smaller than that expected for the I's CEF ground state, 0.57 ug or 2.1 ug,
which is reminiscent of the shrinkage of the magnetic moment by the Kondo effect. However,
we should intrinsically compare the amplitude with the magnetic moment in terms of the

tetragonal doublet ground state. The inelastic neutron scattering study is desired.
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3.2 High-pressure measurements of YbPd

3.2.1 X-ray diffraction measurements under high pressure

Figures. 3.6 (a) — (c) display temperature variation of a (0 0 1/2) superlattice diffraction peak
for P =0.3, 1.0, and 2.0 GPa. The superlattice peak is observed below 74 K at P = 0.3 GPa and
below 50 K at 1.0 GPa. At P = 2.0 GPa, no peak of the (0 0 1/2) diffraction is found down to 10
K. These results mean that the valence ordering temperature T shifts to lower temperatures
with applying pressure and is suppressed at P = 2.0 GPa, which is consistent with the previous
reports [28, 29]. Additionally, a weak peak emerges at 20 = 3.5 — 3.6°, which is a little larger
diffraction angle than that of the (0 0 1/2). The emergence of the peak is accompanied by the
disappearance of the (0 0 1/2) peak, which probably corresponds to the incommensurate valence
order between T1 and T» with a propagation vector of (x x 1/2) reported by R. Takahashi et al.
[16]. This weak peak is seen at T = 10 K for 5.0 GPa but invisible for P = 6.1 GPa. This result

agrees with the suppression of Ty, as described later.
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Figure 3.6. Temperature variation of (0 0 1/2) superlattice diffraction peak under P = 0.3
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Figure 3.7 shows temperature variation of a (4 0 0) Bragg peak for P = 2.0 (a), 3.7 (b), 4.4 (¢),
and 5.0 GPa (d). One can see peak splitting associated with the cubic — tetragonal structural
transition at T1. Although in the electrical resistivity measurements, the anomaly at T1 was not
visible above P =2.0 GPa [28, 29], the (4 0 0) peak is found to be split definitely up to 4.4 GPa.
Thus, Ty is defined as the onset of the peak splitting. On the other hand, the (4 0 0) peak remains
one peak down to 10 K at P =5 GPa, which means T is suppressed by the pressure of ~5 GPa.
This result indicates that the cubic valence fluctuating state exists down to the lowest

temperature. In summary, a new T — P phase diagram is depicted in Fig. 3.8.
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Figure 3.7. Temperature variation of the (4 0 0) Bragg peak under P = 2.0 GPa (a), 3.7 GPa
(b), 4.4 GPa (c), and 5.0 GPa (d).
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Figure 3.8. Temperature — Pressure phase diagram determined by powder X-ray diffraction
under pressure.

Figure 3.9 depicts the pressure dependence of lattice constants aand c at T = 10 K. Both a and
¢ monotonically decrease with applying pressure. The lattice constant ¢ decreases more rapidly
than a and merges with the a at around 4 GPa, which means approaching the cubic structure.
The structural behavior under high pressure is evaluated by using the first-order Murnaghan’s
equation of state [47],

P = g—Z[(g)Bé - 1]. (3.1)

Here, Bo, Bo', and Vo stand for a bulk modulus, its pressure derivation, and the volume at ambient
pressure, respectively. Based on this equation, we can express the unit cell volume as a function

of pressure as,

1

B, \ B
V=1(1+ =2P) °. (3.2)
By

To determine Bo and Bo', the present results are fitted with this equation. The Bo and Bo' values
are calculated to be 65 GPa and 8.8, respectively. The Bo value is much smaller than that of a
cubic heavy-fermion system YbAgCus (100 GPa) [48]. The mean Yb valence of YbAQCus (v=
2.91 — 2.96) is closer to the trivalent state than that of YbPd (v~2.8) [49]. The smaller bulk
modulus implies the change of the mean Yb valence under pressure in YbPd.
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Figure 3.9. Pressure dependence of lattice constant a, ¢, and V. The Red dashed line
indicates the V3 curve calculated based on the first-order Murnaghan’s equation of state.

3.2.2 Electrical resistivity measurements under high pressure

Figure 3.10(a) depicts the temperature dependence of electrical resistivity in the temperature
ranges from 0.5 to 250 K under high pressure up to 12.5 GPa. For 4, 6, and 8 GPa, the behavior
of the electrical resistivity is well agreed with the previous report [30]. Figure 3.10(b) shows
the magnified graph of Fig. 3.10(a) in the lowest temperature regions. There exist no obvious
anomalies of pressure-induced magnetic order and superconductivity down to 0.5 K for all
pressures.

The electrical resistivity data are fitted with p = po + AT" at low temperatures to examine the
ground state behavior. The obtained residual resistivity po and the exponent n are plotted against
pressure in Fig. 3.10(c). The deviation of n from 2 in all pressure ranges means non-Fermi liquid
(NFL) behavior at low temperature. The rapid increase in n and drastic decrease in po between
4 and 8 GPa are probably associated with the suppression of Ti. Above 8 GPa, n is almost
independent of pressure and amounts to approximately 1. Such robust T-linear behavior is also
observed in YbRh,Si> [50] and B-YbAIBs [51]. Watanabe and Miyake have pointed out
theoretically that the T-linear behavior of electrical resistivity is quantum critical behavior due
to valence fluctuation [52]. The observed T-linear behavior implies that YbPd under pressure
also belongs to the group of YbRh:Si> and B-YbAIBs. To clarify these points, further
investigations in the lower temperature and higher pressure regions are desired.

As discussed above, the bulk modulus of YbPd at 10 K indicates the valence change with

applying pressure. In the case of YbRhSi,, the Yb valence state reaches Yb®" only above 8.5
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GPa [53], where magnetic ordering temperature increases definitely. Thus, the study on Yb

valence under pressure also gives a deeper insight into pressure variation of the ground state of
YbPd.
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Figure 3.10. (a) Temperature dependence of electrical resistivity under various pressures.
These curves are shifted vertically for clarity. (b) The magnified graph of (a) in the low
temperature regions. Dashed lines indicate p = po + AT" curve. (c) The residual resistivity
po and exponent n are plotted versus pressure.
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4. Results and Discussion on EuzPts(Al1xGay)1s

4.1 Lattice parameter

Figure 4.1 depicts the Ga content x dependence of the lattice constants a and ¢ by analyzing
the XRD profiles on the basis of the average hexagonal structure. The lattice constant c
increases rapidly up to x = 0.2 and gradually above x = 0.2. On the other hand, the lattice
constant a is almost independent of x up to x = 0.3 and increases gradually above x = 0.3. Such
a rise of the lattice constants with the substitution is also observed in Eu(Pd1-xAux)2Si2 [20] and
EuNi2(Si1xGex)2 [54]. This behavior is related to the Eu valence change. As mentioned later, a

rapid change of Eu valence is revealed in the substitution range below x = 0.2, where the c-axis

increases rapidly.
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Figure 4.1. Lattice constants a, ¢ versus Ga concentration x., Black and red solid circles

stand for a and c, respectively.

4.2 Magnetic susceptibility

Figures 4.2(a) and 4.2(b) show the temperature dependence of the magnetic susceptibility and
the inverse susceptibility of Eu2Pts(Al1xGax)1s measured in a magnetic field of 0.1 T. For x =0,
the susceptibility shows a sudden increase at around T = 45 K with increasing temperature,
which is accompanied by the Eu valence change from a nonmagnetic trivalent state to a

magnetic divalent state. Above T = 60 K, the susceptibility decreases in accordance with the
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Curie-Weiss law. An increase below T = 20 K is probably due to ferromagnetic impurity. The
behavior agrees with the previous results [32]. For x = 0.05, the susceptibility shows the gradual
deviation from the Curie-Weiss law at around 30K with decreasing temperature. This behavior
indicates a smaller and more gradual variation of the mean Eu valence.

For x > 0.2, the cusp is found at around T = 13 K, which is associated with the
antiferromagnetic order transition. For x = 0.1, a tiny bend is observed at around T = 13 K,
which is probably related to the antiferromagnetic order. By fitting the susceptibility data with
the Curie-Weiss law, the effective moments perr and Weiss temperatures ®, are estimated to be
7.3 ~ 8.6 us/Eu and — 19 ~ — 14 K, respectively. These results indicate that Ga substitution
decreases the valence transition temperature and produces antiferromagnetic order with the

stabilized divalent state.
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Figure 4.2. (a) Temperature dependence of magnetic susceptibility of EuoPts(Al1xGay)1s.
The inset depicts magnified graph in the low temperature regions for x = 0.1 ~ 1. Arrows
indicate the anomaly at Tn. (b) The inverse magnetic susceptibility is plotted as a function
of temperature.

4.3 Electrical resistivity

Figures 4.3(a)-(c) show the temperature dependence of the electrical resistivity of EuzPte(Al:-
xGax)1s. For x = 0, the resistivity shows a linear decrease down to 50 K, followed by a cusp
related to the valence transition at around 40 K in the first cooling process. In the following first
heating process, the resistivity shows a rapid increase at around 40 K and the cusp at 53 K. this
behavior is well-agreed with the previous report [32]. The electrical resistivity shows a thermal
hysteresis, which indicates that the valence transition is of first order. The irreversible
enhancement of the electrical resistivity in the first heating process can be understood by

microcracks introduced by the sharp first-order valence transition.
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For x = 0.05, the electrical resistivity shows similar behavior to that of x = 0. The resistivity
shows T-linear dependence above T =100 K and a broad peak at 13.5 K in the cooling process.
Subsequently, in the heating process, the resistivity shows a peak at 27.9 K and T-linear
dependence. The hysteretic behavior reflects the first-order valence transition. The p — T curve
above 70 K in the heating process is shifted vertically by about 30 uQ cm from that in the
cooling process, which is also probably owing to the microcracks. Note that the shift is much
smaller than that for x = 0, 600 ~ 700 uQ cm. These results suggest that the Ga substitution
makes the valence transition gentle and suppresses the generation of microcracks.

The compounds of x > 0.1 show normal metallic behavior with the p values of 20~100 p< cm.
The resistivity shows a sharp decrease below Tn=12 ~ 14 K, which is due to the disappearance
of the spin-disorder scattering of conduction electrons induced by the antiferromagnetic order.
The electrical resistivity also clarifies that the Ga substitution for Al depresses the valence
transition temperature and stabilizes the antiferromagnetic order with a Eu?"* state.
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4.4 Temperature versus Ga concentration phase diagram

The present magnetic susceptibility and electrical resistivity results are summarized in the
temperature versus Ga concentration phase diagram in Fig. 4.4. With increasing Ga
concentration, the valence transition temperature Ty drastically decreases and is suppressed at
around x = 0.1. A non-magnetic intermediate valence ground state is stable for 0 < x < 0.05,
while a magnetic divalent ground state is stable for x > 0.1. The boundary between intermediate
valence and nearly divalent ground state lies at around x = 0.05 — 0.1. With further increasing
Ga concentration from x = 0.1, the Néel temperature slightly decreases because the expansion
of the lattice makes the RKKY interaction weaker. Similar behavior of the Néel temperature is
also observed in Eu(Pdi-xAux)2Si2 [20], EuNi2(Si1xGex)2 [54], and Eu(Rh1xIrx)2Si2 [55], which
crystallizes in the tetragonal ThCr.Si, type structure. In the present system, however, the
valence transition becomes broadened when x approaches the boundary Ga concentration
(x=0.1). This is possibly because the inhomogeneous situation due to the coexistence of Eu?*
and Eu®" states is realized for x ~ 0.05. Thus, the Ga substitution not only expands the lattice
volume but also affects the ground state of the Eu valence state.
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Figure 4.4. T — x phase diagram. Gray bar at around x = 0.1 means the phase boundary.

4.5 High-field magnetization process

Magnetization curves in pulsed magnetic fields at T = 4.2 K are shown in Fig. 4.5. A sharp
increase of the magnetization at around 30 T is observed in the compound with x = 0. In the

low magnetic field region, the magnetization slope is as small as 0.06 us/Eu T, where Eu ions
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are in a nearly trivalent state. Above 30 T, the magnetization reaches 6.6 us/Eu, which is close
to a divalent Eu moment of 7 ug/Eu. Thus, the increase in magnetization is due to a field-
induced valence transition. The hysteretic property indicates that the valence transition is of
first order. For x = 0.05, a jump is seen at around 18 T. The jump is also associated with the
valence transition but is less sharp than that of x = 0. The larger initial slope of x = 0.05 indicates
a decrease of the Eu valence state even in zero fields, which results in the small jump of the
magnetization and accordingly the Eu valence. For x > 0.1, spin-flip-like behavior is observed
below 20 T. The magnetization is saturated to 6.1 — 6.7 ug/Eu above 20 T. This is the typical
behavior of an antiferromagnet.

Figure 4.6 shows the valence transition field By (T = 0) as a function of the valence transition
temperature Ty (B = 0) for x = 0 and 0.05 in. It is known that By is proportional to Ty, By = aTy.
The proportional constant o is 0.56 T/K for Eu(Pd1-«Ptx)2Si2 [56] and EuNi2(Si1xGex)2 [57] and
0.36 T/K for Eu(RhixIrx)2Si> [58], which perform valence transition and crystallize in the
tetragonal ThCr2Si> type structure. In the present study, the proportional constant is o = 0.63
T/K for EuzPts(Al1-xGay)1s, Which is comparable to that for Eu(Pd1-xPtx)2Si2 [56] and EuNiz(Si1-
xGex)2 [57]. Assuming that the thermal energy corresponding to the valence transition
temperature, ke Ty is comparable to the Zeeman energy of the divalent Eu ions corresponding to
the valence transition field, 7 usBy, the a value is roughly estimated to be o = ks/7us ~ 0.21
T/K. This value is the same in the order of magnitude as the experimental ones. The discrepancy

may be due to the magnetic exchange interactions among the divalent Eu ions.
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Figure 4.5. High-field magnetization process of EuoPts(Al1.xGax)1is at T = 4.2 K
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Figure 4.6. By versus Ty for x=0 and 0.05 in Eu2Pts(Al1.xGax)15

Figure 4.7 shows the high-field magnetization curves of EuzPteAlis at various temperatures
up to 50 K. With increasing temperature, the field-induced valence transition shifts to lower
magnetic fields and becomes broader. The transition magnetic field By is defined as the
magnetic field where the differential susceptibility dM/dB has a maximum. Figure 4.8 shows
the T — B phase diagram of Eu2PtsAlis. For EuPd>Si2 [56], YbInCus [59, 60] and EuRh2Si
under pressure [61], which perform a field-induced valence transition, The (T, By) data lie on a

quarter ellipse and can be expressed by the following equation,

2

(ﬁ) + (%) =1. (41)

Here, the (T, By) data are well reproduced by the equation with Ty(B = 0) ~ 50 K and By(T = 0)
~ 30 T. To discuss the T — B phase diagram, the Clausius — Clapeyron equation of magnetic

materials is used. The equation is expressed as

T 42
aB- a5 WD

where AM and AS are the variations of the magnetization and magnetic entropy, respectively,
at a first-order phase transition. For the purpose of determining the AM values, the
magnetization is plotted as a function of temperature M(T) in each magnetic field in the inset

of Fig. 4.9. This plot is based on the M(B) curves at various temperatures shown in Fig. 4.7.
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The M(T) curves show a jump AM related to the valence transition. As shown in the inset of
Fig. 4.9, the AM values are estimated from the difference between maximum and minimum in
the M(T) curves. The AM at B = 20 T evaluated in such a method is depicted by the two-way
arrow in Fig. 4.7. It is found that the AM is proportional to the magnetic field B as AM = aB up
to B =20 T, as shown in Fig. 4.9. Accordingly, Eq. (4.2) is written as

T2 w3
dB AS

Here, a proportional coefficient a is calculated to be 0.58 (J/T? Eu-mol) from the AM(B) curve.
On the other hand, it is hard to evaluate AS precisely from the previous heat capacity data
because there exist no data of a non-magnetic reference compound. In the previous report, the
heat capacity data was collected by the thermal relaxation method, which is unsuitable for
measuring heat capacity associated with the first-order transition. In addition, the thermal
relaxation, which is important for the measurement of the heat capacity, would be bad in this
material due to the microcracks introduced at the valence transition.

Thus, we have a qualitative discussion and use the upper limit of AS=R In8=17.3 (J/K Eu-
mol), where R is the gas constant. Assuming that AS is constant, T(B) = T(0) —0.017B2 is derived
from the eq. (4.3), which is plotted in Fig. 4.8. The experimental results are well reproduced by
this equation below B = 20 T. This equation deviates from the observation above B=20T. In
the high field regions, the magnetic moments of field-induced Eu?* ions are oriented to the
applied magnetic field direction. Thus, magnetic entropy of the Eu?* state is decreased, which
results in a reduction of AS. The smaller AS gives a larger slope of the T(B) curve. In the limit
of T — 0, the entropy of both trivalent and divalent states should approach 0 according to the
third law of thermodynamics. As a result, AS reaches 0 in the low-temperature limit. This leads
to divergence of the magnitude of dT/dB and a phase boundary perpendicular to the B — axis.
There are a lot of similarities in the valence transition between Eu,PtsAlis and the other Eu-

based system with the tetragonal ThCrSi> type structure.
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4.6 X-ray Absorption Spectroscopy

Figures 4.10(a), (b), (c) show the absorption spectra of x = 0, 0.05, and 0.1 at various
temperature. Due to difference in number of 4f electrons, energies of absorption edges of Eu?*
(E2=6972 eV) and Eu®" (Es = 6978 eV.) ions are different. Thus, the observed spectrum can be
decomposed into two subspectra of Eu?* and Eu®*. For x = 0, 0.05, the temperature variation of
the intensity ratio of the subspectra is observed, which indicates the temperature variation of
Eu valence. On the other hand, the spectra are almost independent of temperature for x = 0.1.
The X-ray absorption spectra can be fitted with the two subspectra consisting of an arc-tangent

and a Lorentzian, as expressed in the following equation [62].

3
~ A(T,/2) AT (1 1 E-(E;+ &)
w(E)= ; l(E- Bt (T/2)° +A2F2+ oy <§+1—Tarctanri.7>l (4.4),

where i = 2, 3 correspond to the divalent and trivalent state, respectively, and A;, E;, I'j, d, and
i’ are fitting parameters. Based on this equation, the mean Eu valence is calculated by the next
equation.

=2+ AT 4.5
vE2Y oA Y

By fitting the observed spectra with Eq. (4.4), the Eu valence is estimated from Eq. (4.5). The
Eu valence is plotted as a function of Ga concentration at 300 K in Fig. 4.11. The Eu valence
shows a steady decrease up to x = 0.2. This region is well-agreed with the region where the
lattice constant c has a large slope, as shown in Fig. 4.1. The Eu valence is almost constant from
x=0.2t0 1.

Figure 4.12 shows temperature dependence of the Eu valence for x =0, 0.05, and 0.1. For x =
0, the Eu valence drastically decreases from 2.70 to 2.33 at around T =45 K. This behavior is
in good agreement with the previous reports and our other experiments. In the high-temperature
regions above 100 K, the Eu valence is almost independent of temperature. For x =0.05, the Eu
valence shows a gentle decrease from 2.53 at 6 K to 2.26 at 55 K with increasing temperature.
In contrast, the Eu valence for x = 0.1, which is almost temperature-independent, reaches a
nearly divalent state down to the lowest temperatures. These behaviors of the Eu valence are

well-agreed with the above-mentioned experimental results.
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5. Conclusion

We have measured neutron diffraction of YbPd with newly-synthesized strain-free powders
and determined the magnetic structure. The obtained magnetic structure is a sinusoidal one with
k = (0.080 0 0.32) in terms of the tetragonal symmetry, where the Yb*" moments of ~0.3 g are
aligned along the a-axis, and Yb?®* jons have no magnetic moment. These results are consistent
with the valence order structure. Moreover, the sinusoidal magnetic structure suggests that the
magnetic structure is transformed into a commensurate structure at T4. The neutron diffraction
measurement at lower temperatures is desired to examine the ground state of the valence order
of YbPd.

In the T — P phase diagram of YbPd, the phase boundary of the structural transition
temperature T1 has been determined by observing the splitting of (4 0 0) Bragg peak. With
increasing pressure, T1 decreases to 15 K at P = 4.4 GPa and disappears at P = 5.0 GPa. The
powder XRD and the electrical resistivity measurements under high-pressure indicate that the
cubic valence fluctuating ground state is realized above P =5 GPa. The T-linear behavior of
the electrical resistivity at low temperatures above 8 GPa also implies quantum criticality due
to valence fluctuation. In the valence fluctuating state, no pressure-induced magnetic order is
found up to 12.5 GPa and down to 0.5 K. Further measurements under higher pressure and
extremely low temperature would give a deeper insight into this system.

For Eu2Pts(Al1«Gax)15, we have studied the Ga substitution effect on the Eu valence state.
The magnetic susceptibility, electrical resistivity, and X-ray absorption spectroscopy
measurements reveal that Eu valence rapidly decreases with Ga substitution, and the divalent
state is stabilized at x > 0.1. In the high-field magnetization measurements, field-induced
valence transitions are observed at around B =29 and 17.5 T for x = 0 and 0.05, respectively.
These measurements reveal that the valence transition of Eu.PtsAlis shows many similarities
to the valence transition of the other Eu-based compounds with the tetragonal ThCr,Si. type
structure. Exploring the other Eu-based valence transition compounds is needed to clarify the
universality of valence transition in Eu-based compounds.
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